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THE NEUTRON-DEFICIENT CHAIN “Sr-*Rb* 


R. W. Horr, J. M. HOLLANDER, and M. C. MICHEL 
Lawrence Radiation Laboratory, University of California, 
Livermore and Berkeley, California 


(Received 16 May 1960) 


Abstract—The new neutron-deficient pair ®°Sr-8°Rb has been identified, from irradiations of 
Ga 20; targets with 133-MeV nitrogen ions. Strontium-80 decays with a half-life of 100+ 6 min 
to 3444 sec 89°Rb a genetic relationship verified by rapid chemical separation procedures. The 
mass number of ®°Rb was determined with a time-of-flight isotope separator. Rubidium-80 decays 
primarily (~ 60 per cent) to the ground state of ®°Kr with emission of a positron spectrum of Emax 
4-1+0°5 MeV, and the 620-keV first excited state of ®°Kr is populated to the extent of ~ 40 per 
cent. On the basis of its decay properties, the ground state configuration of ®°Rb is apparently 
(1+). The only photon assigned to the decay of ®°Sr has an energy of 580 keV. 


THE lightest stable isotope of strontium (Z = 38) has mass number 84. The next 
lighter even-mass isotope, **Sr, decays by electron capture to **Rb with a 25-5-day 
half-life. It is of interest to extend the range of known neutron-deficient (and 
neutron-rich) even-even isotopes because their decays provide one of the few means 


of observing levels in odd-odd nuclei. Hence the stimulus to produce and identify 


8°Sr. The decay energy of ®*°Sr calculated from Levy’s semi-empirical mass equation™ 


is 1-6 MeV; this, together with an estimated range of log ft values 4-5—5-0 allows 
the prediction to be made that its half-life should be 1-4 hr. The assumption that 
the beta transition is of the allowed type follows from the expectation of even parity 
for odd-odd nuclei in this region. The calculated decay energy of the daughter isotope, 
®°Rb, is 5-6 MeV, and the half-life predicted from the same range of log ft values 
is 20-60 sec. 

The use of heavy ion projectiles in a bombardment of the appropriate target 
seemed a most promising method for the production and identification of ®°Sr with 
little interference from heavier neutron-deficient strontium isotopes.’ Guided by 
the above predictions, we have searched for and identified this neutron deficient 
pair by irradiating gallium targets (Z = 31) with nitrogen ions (Z = 7) in the 
Berkeley Heavy Ion Linear Accelerator (HILAC). The half-life of *°Sr in fact is 
found to be 100 + 6 min and that of °°Rb 34 + 4 sec. ®°Sr decays predominantly by 
electron capture, with substantial population of a 580 keV state in *°Rb. A hard 
positron spectrum (E,,,, = 41 + 0:5 MeV) accompanies the decay of *°Rb and 
leads to the ground and first exicted states (620 keV) of *°Kr. 


+ This work was performed under the auspices of the U.S. Atomic Energy Commission. 
{) STROMINGER, HOLLANDER and SEABORG, Rev. Mod. Phys. 30, 585 (1958). 
) H. B. Levy, Phys. Rev. 106, 1265 (1957). 
‘8) M. I. KALKSTEIN and J. M. HOLLANDER, Phys. Rev. 96, 730 (1954). 
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TARGET PREPARATION AND CHEMISTRY 


The gallium oxide targets used in this series of nitrogen ion bombardments were 
mounted in a platinum dish with a 0-001 in. aluminium cover foil. Each target 
contained approximately 100 mg of gallium oxide. The total exposure to the target 
in an average 2 hr bombardment was one micro-ampere-hour of 'N ions. The 
nitrogen ions, initially accelerated to 148 MeV in the Heavy Ion Linear Accelerator, 
were degraded by absorbers and the cover foil to approximately 133 MeV at the 
surface of the gallium oxide. Cooling was provided by circulating helium gas on the 
front and back surfaces of the target. 

Upon completion of the bombardment, the gallium oxide was digested in 5 per cent 
NaOH solution. Even with prolonged treatment, complete dissolution was seldom 
achieved. The solution was cooled, neutralized with HCl, and strontium carrier 
was added. Strontium nitrate was then precipitated by the addition of fuming nitric 
acid and digestion in an ice-bath. The precipitate was dissolved in water. The stronti- 
um nitrate precipitation sequence was repeated once or twice, then barium chloride 
or barium chromate was precipitated as a scavenge to eliminate any possible barium 
isotopes which might have been produced from indium impurities in the gallium 
target. These barium scavenges were found to contain negligible radioactivity. Am- 
monium hydroxide and ammonium oxalate were added to the supernatant to pre- 
cipitate strontium oxalate, which was then dissolved in HCl. Counting samples 
were made at this point by evaporation of the solution onto glass or platinum plates. 

If rapid separation of rubidium daughters from the decay of strontium parents 


or a so-called “milking” was to be done, the strontium fraction in 12 M HCI solution 
was adsorbed onto a small Dowex 50 (12 per cent DVB) ion exchange column. 


A series of “milkings” was performed by fast elution of rubidium with 12 M HCI. 


Finally, the strontium was removed from the Dowex 50 column by eluting with 
6 M HCl. 


EXPERIMENTAL RESULTS 


Half-lives 

In a nitrogen ion bombardment of natural gallium, there occurs the formation of the compound 
nuclei ®°*Sr and ®5*Sr which are more neutron deficient than the strontium compound nucleus 
(or nuclei) produced in proton, deuteron or helium ion bombardments of the proper target mate- 
rials. Since the entire kinetic energy of the 133 MeV nitrogen ions was lost in the thick targets, 
a spectrum of neutron evaporation reactions ranging from the loss of one or two neutrons up to 
the loss of eight or more neutrons can be expected to occur. The probability for compound nucleus 
formation decreases rapidly below 32 MeV, which is the potential barrier for penetration of a nitro- 
gen nucleus into a gallium nucleus. Hence reactions in which one or two neutrons are evaporated 
are somewhat repressed. The strontium isotopes produced in these nitrogen ion bombardments 
range in mass number from 83 to as low as 75. Of course many other nuclides of lower Z are also 
formed, from the evaporation of protons as well as neutrons, and from stripping reactions. 

The decay of the purified strontium samples was followed with a chlorine-argon filled Geiger- 
Miiller counter. Chemical purification was usually completed approximately | hr after the end 
of bombardment. Counting of the samples began 5-10 min after the final separation from rubidium. 


‘4) R. M. DIAMOND, J. Amer. Chem. Soc. 77, 2978 (1955). 
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The decay curves were resolved into components by use of an IBM 704 code‘) to make a least- 
squares fit to the data. The following periods were assigned to nuclides already known: 25-5 day 
82Sr, 33 hr 83Sr, and 4-7 hr (8!Rb). We assign the 100 min period to ®°Sr on the basis of evidence which 
will be presented in the following paragraphs. As for the component whose half-life is less than 
80Sr, the best fit to the data was obtained with a half-life somewhat shorter than that of either 29 min 
8!Sr or 24 min 79Rb. This would suggest the presence of a shorter-lived nuclide such as 78Sr in 
addition to 8'Sr. 

The “milking” experiments were done by purifying the strontium fraction after allowing the 
29 min 8'Sr to decay for about four half-lives after the end of the bombardment. This strontium 
fraction was adsorbed onto a Dowex-50 column. At intervals of about 14 hr, a number of rubid- 
ium fractions were separated rapidly and their decay followed with a scintillation counter. A half- 
life of 34+-4 sec was measured, which we assign to 9°Rb. By comparison of the yields of the 34 sec 
80R b in several consecutive “milkings” the half-life of the parent proved to be approximately 100 min. 
A small amount of longer-lived activity was also eluted in the rubidium “milkings”. This was shown 
to be strontium by an examination of its chemical and nuclear properties. 


Mass assignment 


Two bombardments were made in which the strontium activity was isolated with very minute 
amounts of strontium carrier added (~30 ug). This was accomplished by using barium carrier for 
the gross separation, removing it as barium chromate precipitate, and carrying out a final purifica- 
tion of strontium by adsorption on and elution from a Dowex 50 cation exchange column. The stron- 
tium activity was evaporated onto the tungsten filament of a time-of-flight isotope separator). 
Because of the large difference in the volatility of the oxides of rubidium and strontium, it is possible 
to do a very rapid chemical separation of the rubidium from strontium during the mass separation 
simply by flashing the ion source filament to a temperature of 800—-900°C. In the process most 
of the rubidium is evaporated, largely in the form of singly charged positive ions which are then 
mass analysed and collected by the separator. Since the loss of strontium is quite small at these 
temperatures, repeated separations may be made before exhausting the sample. Ions with mass 
80 were collected on a platinum plate and quickly placed in a windowless proportional counter. 
A 34 sec decay period was observed. This collection procedure was repeated a number of times. 
Collections made at mass 81 under the same conditions did not vary significantly from background 
in the counter*. Fig. 1 shows the decay curves of plates upon which ions of masses 80 and 81 were 
collected. The resolution and transmission of the isotope separator are such that the yield of ®°Rb 
activity relative to the strontium acitivity on the filament was much too high to be accounted for 
by partial collection of a more intense beam at an adjacent mass such as 79. Thus it was shown 
conclusively that the 34 sec activity has mass-number 80. 


Photon spectra 


+-SPECTRA were examined with a 3 x 3 in. cylinder of sodium iodide optically connected to a Du- 
mont 6292 photomultiplier. The pulses from this detector were amplified and then sorted in a “Penco” 
100-channel pulse analyser. The sodium iodide detector was mounted inside a 2 in. lead shield 
which is in the form of a 30 in. cube. Fig. 2 shows a typical y-spectrum of the ®°Sr-®°Rb equilibrium 
mixture taken 2 hr after the end of bombardment. The complex photopeak at higher energy has 
as its major component 511 keV annihilation radiation. This component was subtracted by use of 
a 22Na standard as a guide to peak shape. The remaining photopeak at 590 keV has a width large 
enough to suggest that it is complex. These photons decay with a 100 min half-life. The structure 


‘8) R.H. Moore and R. K. ZeiGLer, Los Alamos Scientific Laboratory: Report LA-2367 (1960) 
(Unpublished). 

(6) M.C. MICHEL, University of California Radiation Laboratory: Report UCRL-2267 (1953) 
(Unpublished). 
* The strontium fraction had been purified after the °'Sr had decayed to a negligible level; thus 

8IRb should not have been present. 
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in the region of 190 keV consists of a photopeak at 190 keV from the decay of 4-7 hr ®!Rb plus 
backscattered radiation from the higher energy transitions. 

The decay of the ®°Rb y-rays was observed directly by making rapid rubidium “milkings” and 
quickly examining the rubidium fractions in the sodium iodide scintillation spectrometer. The 
~-spectrum was taken for 2 min, the sample was allowed to decay, and another spectrum was taken 
6 min later on the same sample. Subtracting this latter spectrum from the original to eliminate 
contributions from small amounts of longer-lived activities carried in the “milking”, the y-spectrum 
of the 34-second ®°Rb was obtained, as shown in Fig. 3. The photopeak at 620 keV is indicative 
of mass chain 80 since the first excited level of ®°Kr is known to lie at 620 keV". The ratio of counts 





500 errr ss. Sf 
400 DECAY OF IONS COLLECTED AT MASS 80 "i 


MINUTE 
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DECAY OF IONS COLLECTED AT MASS 8! 











MINUTES 
Fic. 1.—Decay curves of ions collected at masses 80 and 81. 


in the 620 keV photopeak to those of the 511 keV annihilation radiation is 0-16, which corresponds, 
after correction for differences in counting efficiency and the twofold multiplicity of the annihila- 
tion quanta, to a photon intensity of 0-39 per positron decay. This ratio can be considered an upper 
limit since the source suffers a loss in definition when annihilation quanta are being counted. It 
should be noted that the intensity of the 620 keV photon of ®°Rb is not adequate to account for all 
of the radiation observed in this energy region in the single spectrum of the strontium-rubidium 
equilibrium mixture. The ratio of the counts in the complex photopeak at around 580 keV to those 
in the 511 keV photopeak is 0-42 in the equilibrium mixture, as no more than 0-16 can be due to the 
620 keV photon of ®°Rb. 

There also appears a photon peak at ~720 keV in the spectrum of ®°Rb which probably arises 
from a transition following the decay of ®°Rb rather than a summing effect in the crystal. Unfortu- 
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nately the low activity levels of the samples prevented further examination of the photons in this 


energy range. 
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Fic. 2.—“Singles” y-spectrum of ®°Sr-°°Rb equilibrium mixture. 
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Coincidence measurements 

‘-y-COINCIDENCE measurements were made on samples of the ®°Sr-®°Rb equilibrium mixture 
by using two | in. x14 inch sodium iodide detectors. A single-channel pulse analyser was used 
to define the energy range of the gate pulses. The coincidence circuitry used was that provided in 
the “Penco” 100 channel analyser, with a resolving time of 5usec. When the gate pulse was a 511 keV 
annihilation photon, the coincident radiation at 180° included the complementary 511 keV photon 
plus a small photopeak at 620 keV. The prominent shoulder on the high energy side of the annihi- 
lation peak in the singles spectrum was absent in the coincidence spectrum. 

The positron spectron was measured with equipment similar to that used in the y-ray measure- 
ments except that the sodium iodide detector was replaced by a | in. x 2 in. diameter lucite cylinder 
containing terpheny] as a scintillator. The end point of the positron spectrum obtained from a Fermi- 
Kurie plot was 4-1+-0-5 MeV. The shape of the spectrum suggests that it is complex. Positron- 
photon coincidence measurements were also made, with the lucite detector in conjunction with 
coincidence equipment described in the previous paragraph. The photon spectrum in coincidence 
with positrons of greater than 3 MeV energy consisted of annihilation quanta and a 620 keV photo- 
peak. Similar results were found for lower energy positrons. Thus there is evidence, from the coin- 
cidence studies and from the relative abundance of the 620 keV photon in the singles spectrum, 
that 9°Rb decays by positron emission ~ 60 per cent the ground state(8* end point 4:1 MeV) 
and ~ 40 per cent to the 620 keV level of ®°Kr. 


DISCUSSION 


The new neutron-deficient pair **Sr—*°Rb has been identified, from irradiations 
of Ga,O, targets with 133 MeV nitrogen ions. Strontium-80 decays with a half-life 
100 + 6 min to 34 + 4 second ®°Rb, a genetic relationship verified by rapid chemical 
separation procedures. 

Oy S120 (100 min) 


EC 











O+ 





Fic. 4.—Decay information for the ®°Sr-8°Rb chain. 


Rubidium-80 decays primarily (~60 per cent) to the ground state of *°Kr with 


max 4°1 + 0-5 MeV, and the 620 keV first 
excited state of *°Kr is also populated to the extent of ~ 40 per cent. 

The *Rb—*Kr mass difference is 5-1 + 0-6 MeV, as compared with 5-5 MeV 
calculated from the Levy mass equation.) The log ft value of the positron decay 
to both the ground state (0+) and first excited state (2+) of *°Kr is 4-6, which 
is in the “allowed” category; thus the ground-state spin of *°Rb is unambiguously 


the emission of a positron spectrum of E 
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one with even parity. If this spin and parity are considered in terms of single particle 
orbitals, the choices would probably be ap,/. neutron state (as ”Kr) and a p;,. proton 
state (as ®*'Rb) which would combine according to NORDHEIM’s “strong rule” to the 
resultant 1+. 

We have not studied the electron capture branching of *°Rb but because of the 
high decay energy it is expected to be very small; the ratio 8*/EC ~60 is given 
theoretically for ground-state decay.” 

The only photon we can assign to the decay of the ®°Sr parent activity is that 
of 580 keV, which was observed to follow a 100 min half-life yet was not seen in 
the photon spectrum of the “milked” ®*°Rb daughter. The fact that this photon 
does not appear to be in coincidence with annihilation quanta suggests that the 
8°Sr decay to the 580 keV level in ®°Rb is predominantly electron capture. 

A decay scheme which illustrates the information presently known about *°Sr- 

*°Rb is given in Fig. 4. 
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{7) M.E. Rose, 8- and y-Ray Spectroscopy Chap 9, p. 290, Interscience New York (1955); E. FEEN- 
BERG and G. TricG, Rev. Mod. Phys. 22, 399 (1950). 
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CALORIMETRIC DETERMINATION 
OF THE HALF-LIFE OF PROTACTINIUM-231 


H. W. KIRBY 
Mound Laboratory,* Monsanto Chemical Co., Miamisburg, Ohio 


(Received 18 April 1960; in revised form 20 May 1960) 


Abstract—The heat output of a one-half gramme sample of PazO; has been measured. The half- 
life of 73'Pa is found to be 32,480+ 260 years. 


THE half-life of pfotactinium-231 has been reported as 32,000 years +10 per cent 
by Grosse"! and as 34,300 +300 years by VAN WINKLE et al.'2) The determination 
by Grosse was made by comparing the ionization currents produced in an «- electro- 
scope by | mg samples of Pa,O, and U,O,. The determination by van Winkle was 
made in a gas-flow proportional counter by «-counting aliquots of solutions contain- 
ing weighed amounts of protactinium. 

The present report describes a determination based on the heat produced by the 
decay of approximately 4 g of protactinium. The half-life is found to be 32,480 
+260 years. 

SAMPLE PREPARATION 


The protactinium used in this study was recovered from uranium refinery residues. A summary 
of the process of recovery and purification has been published ‘. 

Final radiochemical purification was accomplished by precipitating the protactinium as an 
iodate from dilute sulphuric acid solution and decomposing the precipitate in warm hydrochloric 
acid. The protactinium dissolved but reprecipitated almost at once, probably as a hydrated oxide. 

The precipitate was washed, dried at 110°C, and analysed spectrographically (Table 1). 

The hydrated protactinium oxide was transferred to a quartz crucible for ignition. Preliminary 
work with 16-5 mg of protactinium had established that anhydrous PazO; is formed at a temperature 
between 600 and 700°C. The ignition was, therefore, carried out by raising the temperature slowly 
to 625°C, where it was held for 102 hr. The crucible was weighed and returned to the furnace. The 
temperature was raised to 670°C, where it was held for 64 hr. The loss in weight was less than 0-2 
per cent of the total. “Constant weight” was not confirmed, but the small loss of weight between 
625 and 670°C indicated that all chemically bound water had been removed. Ignition at a higher 
temperature was considered inadvisable because of the possibility of sintering the powder or reducing 
the oxide to PaO .; ‘). 


* Mound Laboratory, Miamisburg, Ohio; Operated by Monsanto Chemical Company for the 

Atomic Energy Commission Contract Number AT-33-1-GEN-S53. 

‘) A.V. Grosse, Naturwiss. 20, 505 (1932). 

2) Q. VAN WINKLE, R. G. LARSON and L. I. Katzin, J. Amer. Chem. Soc. 71, 2585-6 (1949). 

‘3) H.W. Kirsy, “Summary of the Protactinium Project at Mound Laboratory”, Appendix to 
The Radiochemistry of Protactinium, Natl. Acad. Sci. Nuclear Science Series, NAS-NS-3016, 
pp. 81-93 (1960). 

‘) P| A. SeLters, S. Friep, R. E. ELson and W. H. ZACHARIESEN, J. Amer. Chem. Soc. 76, 5935-6 
(1954). 
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The oxide, which was light tan in color during the early stages of the ignition, turned perfectly 
white after the temperature reached 400°C. It remained white throughout the ignition at higher 
temperatures. 

Samples of the powder, examined with X-rays, showed that the oxide was a mixture of two 
crystalline forms. The lattice constants corresponded to the face-centered cubic and orthorhombic 
forms ascribed by Sevters ef al.) to PazOs. The black tetragonal form, ascribed to PaO2.3 was not 
detected. Because of the intensity of the lines observed, it was estimated that the orthorbombic 
form of PazOs predominated, but no value could be assigned to its relative abundance in the absence 
of standard samples. 


TABLE 1.—SPECTROGRAPHIC ANALYSIS OF PROTACTINIUM 





Element ug/mg* Oxide ug/mgt 





0-079 +. 50°, B,0; 0:29 + 56% 
Si 1°49 SiO, 3°64 
Pt 0-989 PtO> 1°312 
Mg 0°397 MgO 0:75 
Nb 2:72 Nb2Os | 4°43 
Total 5°675+50% 10°42 + 50% 











* The hydrated oxide weighed 0°6446 g. 
+ Calculated from the weight of the ignited oxide-0°5636 g. 


The Pa2Os was transferred from the quartz crucible in which it had been ignited to a quartz 
vial and desiccated over anhydrous calcium sulphate for 16 hr. The vial was stoprered with a tight 
fitting Teflon plug and weighed on a microbalance having a sensitivity of 2°65 ug per division 
The weight of the ignited oxide was 0-56356 g, uncorrected for impurities. 

No spectrographic analysis was made of the final product. The analysis of the hydrated oxide 
(Table 1) showed that elemental impurities totaled approximately 0-6+ 0-3 per cent. After correc- 
tion for the weights of the corresponding oxides and for dehydration, the oxide impurities in the 
product represented 1-0+-0-5 per cent of the final weight, or 5-6+ 2:8 mg. 

The corrected weight of anhydrous Pa2Os was, therefore, 0:-5580+ 0-0028 g, corresponding 
to 0-4757 g of protactinium-231. 


CALORIMETRIC MEASUREMENTS AND CALCULATIONS 


The calorimeters used in this work were similar to those described by EICHELBERGER ef a/.'*) 
Five measurements (made by K. C. JoRDAN of the Calorimetry Group) yielded an average value 
of 707:5+3-0 uW. 

The time between the radiochemical purification and the calorimetric measurements was esti- 
mated to be 97+4 days. The increase in total «-activity, calculated by standard methotds,'* and 
confirmed by radiochemical separation of the decay products, was 2°54+0-16 per cen. The 8- 
activity was 1-79+0-11 per cent of the protactinium disintegration rate. 

The components of the energy measured in the calorimeter are shown in Table 2. The average 
a-energy of each nuclide was computed from the decay schemes compiled by STROMINGER ef al.‘?) 
Average «-recoil-energies were computed by the principal of conservation of momentum. 

The heat contribution of the 8-emitters, including recoils and y-transitions, was taken as one- 
third the maximum 8-energy. No serious error is introduced by this approximation, because the 


‘S) J. F. EICHELBERGER, K. C. JoRDAN, S.R. OrrR and J. R. Parks, Phys. Rev. 96, 719 (1954). 


‘*) H.W. Kirsy, Analyt. Chem. 26, 1063-71 (1954). 
(7) ID. Stromincer, J. M. HOLLANDER and G. T. SEABORG, Revs. Mod. Phys. 30, 585 (1958). 
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total energy contribution of the betas from actinium-227, lead-121 and thallium-207 is less than 
0-1 per cent of the total heat. Thus, if the estimate of the average $-energy is in error by as much 
as 50 per cent, the error introduced in the heat calculation is only about 0-05 per cent. 

While all of the alphas, alpha recoils, and betas are converted to heat within the calorimeter, 
the conversion of the y-rays is a function of the individual y-energies and of the materials through 
which the y-rays pass. Self-absorption by the sample is the most important component, the remain- 
der being absorption in the walls of the quartz vial and the aluminium of the calorimeter. 

The sample vial had an inside diameter of 3-5 mm and was filled to a height of 6 cm with the 
Pa2Os. The bulk density of the powder was estimated to be 0-98 g/cm*. The wall thickness of the 
quartz vial was 1-25 mm and that of the calorimeter was 2:54 mm. 

Mass absorption coefficients for silicon, aluminium, and oxygen were taken from the tables 
compiled by Gropstein.‘*) The total absorption coefficients of uranium were used in lieu of those 
of protactinium, which were unavailable. This substitution introduced no significant error, as the 
absorption edges of protactinium and uranium differ by only 3 keV, and none of the y-energies 
absorbed were close to the critical absorption energies. 

On the basis of equal probability for y-ray propagation in any direction, the calculated absorp- 
tion thickness of the protactinium sample was RsecV (7/2) = 0-56 cm, where R = 0-175cm, the 
radius of the cylinder. 

The total contribution of the y-rays converted to heat was 61 keV, of which 60 keV was from 
the protactinium alone. This represented 1-2 per cent of the total measured heat and approximately 
61 per cent of all the y-energy. An uncertainty of 25 keV was assigned to the energy determination, 
based primarily on the y-conversion. 

The atomic weight of protactinium was taken as 231:11+0-01 and Avogadro’s number as 
60247 +0-0002 x 1073, both on the physical scale. The factor used for energy conversion was 
1-60208 + 0-0003 x 10~ !3W-sec/meV. The length of the mean solar year was taken as 3-15569 x 107 sec. 

The decay constant of protactinium-231 is calculated to be 2:13437 x 10~5 year~!. Its half-life 
is 32,476+ 263 years. 


DISCUSSION OF RESULTS 


The calculated half-life of 32,480 years is close to that reported by Grosse, but 
about 6 per cent lower than that of VAN WINKLE, LARSON and KATZIN. Although 
complete details of the latter determination are not given, it is possible to speculate 
on the reasons for the discrepancy: Experience has showa that special precautions 
are required for precision «-counting of protactinium. Forty-three per cent of the 
a-particles have energies below 5-0 MeV.; in plutonium-239 all but 0-02 per cent 
of the energies are above that value. Protactinium is, therefore, much more suscep- 
tible to self-absorption. 

The van Winkle group used a yield factor of 51-7 per cent in their 2x proportional! 
a- counter. This factor, probably based on a measurement of the backscatter from 
a thin plutonium sample, is almost certainly not applicable to protactinium 
a-counting. 

Protactinium samples mounted for «-counting must be prepared so that the 
distribution is uniform and the residue thin. Even small variations in distribution 
can result in significant counting losses. Samples prepared by the author, in which 
4 ug of protactinium was distributed over a circular area | in. in diameter, had 
counting rates which varied by as much as 2 per cent with variations in distribution 


‘8) G. W. Gropstetn, N. B.S. Circular No. 583 (1957). 
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within that area. When the same amount of protactinium was distributed over an 
area 1-5 in. in diameter, the counting yield was 4 per cent low, although the counting 
rates of duplicate samples differed by less than | per cent. 

Finally, the method of drying the protactinium solution is important. Protac- 
tinium oxide which has been ignited has a higher counting rate than when it has 
merely been evaporated to dryness under an infra-red lamp. In one experiment, 
a solution of protactinium in nitric-hydrofluoric acid was evaporated to dryness 
on a gold-plated stainless steel disk. The counting rate was 129,000 counts per min. 
The residue was covered with a solution of ammonium nitrate and heated until 
all the volatile salt was driven off (>210°C.). The counting rate was 146,000 counts 
per min. 

In view of the numerous possibilities for error in the absolute «-counting of 
protactinium, a discrepancy of 6 per cent is not surprising. On the other hand, the 
present calorimetric determination is not without its own areas of uncertainty. 

The protactinium oxide was prepared for a study of its neutron resonances” 
and not, primarily, for the half-life determination. Consequently, the conditions 
were necessarily less than optimum. The principal sources of error are the correction 
for impurities (which limits the accuracy of the weight) and the low bulk density 
of the sample (which made it impossible to measure the heat in a microcalorimeter). 
Other uncertainties include the estimation of the y-absorption in the calorimeter, 
the contribution of decay products, and the possible presence of undetectable 
amounts of oxides other than P,O.,. 


Preparation of a new sample of protactinium is under way, specifically intended 
for a calorimetric determination of the half-life. It is anticipated that most of the 
uncertainties in the present work can be eliminated and a more precise value reported. 


Acknowledgements —It is a pleasure to acknowledge the invaluable assistance and advice of K. C. 
JORDAN, who made the calorimetric measurements; of D. L. Ro—scuH, who made the spectrographic 
analysis; and of C. R. HupGens and A. A. HUFFMAN, who analysed the X-ray powder patterns. 


‘9) F. B. Simpson, W. H. Burcus, and J. E. Evans, U.S. A. E.C. Report WASH-1018 (Edited 
by V. L. Sartor), p. 52-3 (1959). 
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RADIOACTIVE DECAY OF *Sc 


I. REZANKA, J. FRANA, M. VoBecKY and A. MASTALKA 
Nuclear Research Institute, Czechoslovak Academy of Sciences, Prague 


(Received 1 April 1960) 


Abstract—The radioactive isotope 49Sc was isolated from neutron irradiated natural calcium in 
a carrier-free form by means of chromatographic separation. It was found to decay with a half-life 
of 57-5+0-1 min mainly by 2010+5 keV 8-transition to the ground state of 49Ti. A y-line of 1780+ 
40 keV was observed, indicating the presence of a soft beta component with transition energy of 
230 keV and 0-03 per cent intensity. For the 1780 keV level the spin 5/2 was proposed. 


The isotope *°Sc is produced in the 6-decay of calcium *°Ca in the decay chain 


The decay of Sc is known to take place presumably between the ground states of 
“Sc and “Ti. Using 2x proportional counting and a scintillation method, O’ KELLEY 
et al.) have found it to decay with a half-life of 57-2 + 0-7 min and with maximum 
B-energy of 2050 + 50 keV. This energy agrees well with results of KOERSTER,” 
obtained by absorption measurements. On the other hand MartTIN et al. have 
found by scintillation method the value of 1800 + 100 keV for this energy. According 
to all papers, so far published, *°Sc was believed to be a pure f-emitter. A search 
was made by O’KELLEY et al. for y-radiation from “Sc, especially for quanta cor- 
responding to the first excited state of “Ti.‘**) The negative result made it possible 
to set an upper limit of 5x 10~* quanta per @-disintegration for 1350 keV y-rays. 

So far, either natural calcium™ or calcium enriched to 51-4 per cent with “*Ca“ 
were used in studying “’Sc. In the work”, a separation of *°Sc from pile irradiated 
natural calcium with isotopic carrier was used. The separation with a non-isotopic 
carrier is described by KoersteR.” Carrier-free scandium was isolated from deuteron 
irradiated titanium by means of the sorption of scandium on a filter paper. 

In this study natural calcium was used containing only 0-177 per cent of “*Ca.” 
The cross-section for thermal neutron absorption for this isotope has the value 


C. D. Oxettey, N. H. Lazar and E. EICHLER, Phys. Rev. 101, 1059 (1956). 
L. Koerster, Z. Naturforsch. 9a, 104 (1954). 
D. W. Martin, J. M. Cork, S. B. Burson, Phys. Rev. 102, 457 (1956). 
B. P. Apyasevic, L. V. GroSev and A. M. Demipov, Atomnaja Energija 1, 40 (1956). 
R. E. SeGer, Bull. Amer. Phys. Soc. 2, 230 (1957). 
‘6) J.D. Gite, W. M. Garrison and J.G. HAMILTON, J. Chem. Phys. 18, 1685 (1950). 
(7) A. H. Wapstra, J. Inorg. Nucl. Chem. 3, 329 (1957). 
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of 1-1 + 0:1 barns. “Sc was coprecipitated from the solution with La (OH), and 
separated from lanthanum in a carrier-free form by a chromatographic method. 


RADIOCHEMICAL PART 


Chemicals 

Ca(NO3)2°4H20 analytical reagent grade, (Lachema), was used for the target. Ammonium lactate 
was prepared by neutralization of lactic acid (Lachema). The cation exchanger K ATEX S (Research 
Institute of Synthetic Resins, Pardubice), a styrene resin contained 8 per cent of divinylbenzene. 
Other reagents were analytical reagent grade. A radioactive tracer was prepared by irradiation 
of Sc2O0; in the pile. 


Scandium coprecipitation with lanthanum hydroxide 

The scandium coprecipitation with lanthanum hydroxide in the medium of ammonia solution 
may be disturbed by the presence of carbonate ions which form a soluble complex compound with 
scandium. Therefore the effect of ammonium carbonate concentration on scandium coprecipiat- 
tion was investigated using 4°Sc as a radioactive tracer. If the solution contains an excess of Ca?+ 
ions, the CO?— concentration with regard to the value of CaCO; solubility product value is so low 
that scandium is coprecipitated with lanthanum hydroxide practically quantitatively (Table 1). 


TABLE 1 


(NH,).CO, Sc % in the 
(M) solution 





0-02 1-8 

0-05 17-7 

0:10 45-0 

0-05* 1-0 

- 0-20* 7:2 
0-15 0:04 0-03 
0-15 0-08 0:05 

0-10 0-32 10-1 





* Put for 3 min in a boiling water bath. 


1 mg of lanthanum in La(NO3)3 form was precipitated with 0-05 ml concentrated NH4,OH and then 
a solution of (NH4)2CO3 was added. Scandium precipitation from carbonate complex may be 
reached by warming slightly the solution in a boiling water bath as it results from the experiments 
mentioned in Table 1 due to the decomposition of ammonium carbonate. The decrease of ammonium 
carbonate concentration causes a shift of equilibrium to the direction of forming Sc*+ according 
to the equation 

Sc? + + 3(NH4)2CO3 = (NH4)3[Sc(CO3)3]+ 3NHg . 


The existence of a scandium anion bond in the carbonate complex was checked by perfect sorption 
on an anion exchanger (WOFATIT L 150 in the Cl~ form and DOWEX | also in the Cl~ form). 
Scandium hydroxide dissolved in the ammonium carbonate solution was not sorbed on cation 


exchanger (KATEX S in the NH4 form). 


Target treating and carrier-free chromatographic separation of *°Sc 


The target in a quantity of about 50 g of Ca(NO3)-4H20 was irradiated in the experimental 
pile of the Nuclear Research Institute at a flux of 10'* neutrons/cm*sec for periods from 1 to 1:5 hr. 
Irradiated calcium nitrate was dissolved in boiling water and after adding 1 mg La in the form of 


(8) PD. J. HuGHes and R. B. ScHWaRTz, Neutron Cross-Sections. BNL (1958). 
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La(NO3)3, La(OH)3 was precipitated with ammonia. The precipitate was centrifuged, washed with 
boiled water, dissolved in hydrochloric acid, precipitated again with ammonia and put for about 
3 min into a boiling water-bath. Then the precipitation was centrifuged again, washed with boiled 
water, dissolved in 0-05 M HCI and after centrifuging again the pure solution was sorbed on a micro- 
column filled with cation exchanger. Relatively stronger La? * sorption compared to Sc} * on the 
cation exchanger makes the carrier-free separation of 49Sc possible. The scandium elution was made 


by 0:18 M ammonium lactate at room temperature on the KATEX S column in the NH4 form. 
The column had the diameter of 2 mm and the height of 125 mm. The elution was made at a rate 
of one drop 0-05 ml/per min. The shape of elution maximum brings evidence for the carrier-free 
separation of the radioelement. 


PHYSICAL MEASUREMENTS 


Instruments and experimental techniques 


The 8-spectrum was measured with a short lens $-spectrometer,'?’ adapted for scintillation 
detection. An anthracene crystal connected with a light piper to a photomultiplier RCA 6199 
was used as the detector. The instrument was set to a resolution of 1-7 per cent. The y-spectrum 
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Counts/min 


























0010-20-30 40-5060 7080 
Drop number 
Fic. 1.--The elution of #9Sc. KATEX S, 02125 mm, 0-18 M ammonium lactate, elution 


rate 1 drop/min. 


was measured with an automatic one-channel spectrometer!) with a NalI/TI crystal having the 
diameter and height 1-5 in. and 1 in. respectively, which was connected to a photomultiplier RCA 
6342. The y-spectrometer had a resolution of 12 per cent, measured on the 661 keV line of 137Ba, 


() Z. Pragsner, Cs. Cas. Fys. 5, 204 (1955). 
(10) M. Vopecky, Chem. Listy 51, 2138 (1957); Coll. Czech. Chem. Comm. 24, 304 (1959). 


“0 J. Jursik, To be published. 
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8-spectroscopy 

The scandium eluate was deposited on an aluminium backing 5 thick and dried on an electric 
stove. The diameter of the radioactive sample was 4 mm. The 8-spectrum was measured in the range 
from 140 to 2000 keV. On behalf of the good initial activity of our samples four runs of spectrum 
measurements could be taken from one sample. The half-life was determined for each energy value 
by least squares method. The deviations had no systematic tendency in dependence on energy. 
From all this values the half-life of 49Sc was found as 57-5+0-1 min. Fermi—Curie plot (Fig. 2) 
of beta spectrum was linear with good accuracy from 600 keV. The maximum 6-energy was deter- 
mined as 2010+5 keV and log ft as 5-7. 


-SPECTROSCOPY 

The y-spectrum was investigated in an arrangement shown on Fig. 3. The scandium eluate was 
deposited on a thick wall polyethylene vessel 2 with a wall thickness of 12-5 mm. This thickness 
was sufficient to stop all electrons emitted from the sample. A 2 mm thick lead absorber 3 was 
placed between the polyethylene vessel and the crystal in order to decrease the low-energy end 
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Fic. 3.—Arrangement for 

y-ray measurement of 49Sc: 

(1) Sc sample; (2) polyethy- 

lene vessel, walls 12-5 mm 

thick; (3) lead absorber, 
3 mm thick. 


Fic. 2.—Fermi-Curie plot of 49Sc. 


of the bremsstrahlung spectrum. In the first series of measurement an aluminium vessel with wall 
of 4 mm was used instead of the polyethylene vessel. The y-spectrum consisted of the continuous 
bremsstrahlung spectrum with a nearly exponential distribution, the low-energy end of which 
was strongly absorbed by the lead filter and of the 1780+40 keV y-line. The half-life of this line 
was found to be equal within experimental error to the 49Sc half-life, determined from the 8-spec- 
trum measurement. 

An auxiliary experiment was arranged to evaluate the intensity of this y-ray: 0-24 mc of 32P was 
measured in the same arrangement as is shown on Fig. 3. 32P decays by a pure 8-transition with 
an energy of 1711 keV to the ground state of 32S. The y-spectrum of such a source in this arrangement 
consists of the bremsstrahlung spectrum only. Comparing the measurement of *9Sc with that of 
32p and currecting for the difference in 4°Sc and 32P transition energies‘'!?) the scandium sample 


9) H.W. Kocu, J. W. Motz, Rev. Mod. Phys. 31, 920 (1959). 
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activity was determined. The intensity of the y-line was determined with regard to the effective 
solid angle, absorption in polyethylene and lead and to the crystal efficiency."'*) Using the ratio 
of y- and 8-activities of 4°Sc, the value of 3 x 10-4 quantum per decay for the intensity of the 1780 
keV y-ray was found. The upper limit for the intensities of both 1350 and 1590 keV y-lines was esti- 
mated to be 3x 10-5 quantum per decay. The soft component of the 6-spectrum, through which 
Sc decays to the 1780 keV level of Ti, has the energy 49230 keV and log ft 5:8. 


DISCUSSION 


On the basis of the measurements which were made, the decay scheme is pros 
posed as shown on Fig. 4. The spin of the ground state of the “Ti nucleus wa- 
measured to be ;.“*'* The “Sc nucleus has a closed neutron shell (28) and 
a closed proton shell with one excess proton (21). It is almost certain that in accord- 
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Fic. 4.—Decay scheme of 49Sc. 
ance with the nuclear shell model the spin of the ground state will be } and the 
parity odd. This assignment is supported by the allowed 8-decay to the “Ti ground 
state. The**Ti nucleus contains an even number of protons (22) and 27 neutrons, 
i.e. a closed shell but one neutron. From (n, y) reactions levels of “Ti at 1380, 
1590, 1740 and 1780 keV‘**) are known. Using angular distribution data of the 
(d, p) reactions the orbital angular momentum of the 1380 and 1740 keV levels 
should be 1° '” and their total momentum 3/2 and 1/2 respectively. The 
1780 keV level which is excited in the *’Sc 8-decay has the spin >5/2 and probably 
an odd parity. This assumption is supported first by the fact that no 1380 keV 
y-transition has been observed and, second, by the log /t value of the $-transition 


P.R. Bett, Beta- and Gamma-Ray Spectroscopy, Amsterdam (1955). 

C. Jerrries, H. LoeLiger and H. Straus, Phys. Rev. 85, 478 (1952). 

C. Jerrries, Phys. Rev. 92, 1096 (1953). 

W. W. Pratt, Phys. Rev. 97, 131 (1955). 

M. M. Bretscuer, J.O. ALDERMAN, A. ELwyn, F. B. SHULL, Phys. Rev. 96, 103 (1954). 
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to the 1780 keV level. The most probable spin and parity value of the 1780 keV 
level seems to be 3 
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ISOLATION OF CARRIER FREE RHODIUM 
FROM RUTHENIUM TARGETS 


M. H. KuRBATOV and C. W. TOWNLEY 
The Ohio State University, Columbus 10, Ohio 


(Received 25 January 1960) 


Abstract—The process used included (a) solution of the ruthenium metal in a mixture of nitric 
and hydrochloric acids under pressure at 200°-220° in sealed tubes (4) distillation of ruthenium 
oxide from perchloric acid solution (c) conversion of the perchloric acid solution of rhodium to 
hydrochloric acid solution (d) removal of copper-64 and zinc-65 from the chloride solution by 
adsorption of the zinc and copper ions on filter paper (e) removal of potassium-42 by adsorption 
of rhodium ions on paper from perchlorate solution and (f) recovery of the rhodium from the 
filter paper by solution in hydrochloric acid. This procedure resulted in a yield of 85 per cent of 
the total rhodium free from ruthenium, contaminants and rhodium carrier. The time required 
for the separation and preparation of samples for the 8- spectrometer is about 10 hr. 


IN the course of an investigation in this laboratory of the 6-decay spectra" of 
y y sp 


rhodium-99, -101 and -102, it was necessary to develop a suitable procedure for the 
carrier free separation of the rhodium produced from cyclotron activation of en- 
riched isotopes of ruthenium. 

Preliminary investigations. The method of dissolving the bombarded ruthenium 
samples is essentially that of Wickers et al.) for dissolving iridium using forty 
parts of concentrated hydrochloric acid with three parts of concentrated nitric acid 
sealed in glass tubes and heated in an oven or tube furnace at 250°-300°. 

Because of the cost of the enriched ruthenium isotopes and their bombardment 
an effort was made to minimize losses by using a lower temperature for solution of 
the metal. [t was found that at 125-130° only 60 per cent of a 15 mg sample of 
powdered ruthenium dissolved in 3 ml of the above acid mixture in 50 hr. At 
200-220° complete solution was affected in 2-3 hr, so this temperature range was used. 

The spectrographic analysis of some of the ruthenium isotopes showed small 
amounts of several elements other than ruthenium, and the characteristic -y-rays 
of potassium-42, copper-64 and zinc-65 were observed in the bombarded samples. 
So an investigation was made to determine optimum conditions for separation of 
these ions from the rhodium left in the perchloric acid residue from the ruthenium 
disillation. 


() C.W. Town.ey, H. W. Parvett, D.C. GLENN and J. D. Kursatov, Bull. Amer. Phys. Soc. 
(Ser. IT) 3, 103 (1958); C. W. Towntey, J. D. Kursatov and M. H. Kursatov, Jbid. (Ser. 11) 
4, 366 (1959). 

(2) EB, Wickers, W. G. SCHLECHT and C. L. Gorpon, J. Res. Nat. Bur. Stand. 33, 363 (1944). 
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It had been established in previous work") that as much as 97 per cent of zinc 
and 70 per cent of the cobalt present in dilute solutions could be removed from 
solution by filtration at pH 6°5 while under similar conditions only 6 per cent of 
cesium was adsorbed on paper. It was assumed that rhodium in cationic form would 
be adsorbed on paper. 

In perchloric acid solution rhodium is in the form of a cation (presumably Rh** 
or a partially hydrolysed form depending on the pH and concentration). A study 
of the effect of pH on the 1etention of rhodium on paper showed that: from 
pH 2-8 to 65 there was a rapid increase in the amount of rhodium adsorbed, 
from 12 per cent to 90 per cent. From pH 6:5 to 8-4 the amount adsorbed was 
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Fic. 1.--Constant factors: 988 counts/min of rhodium tracer (Rh 101 and 102), estimated 
less than 10 -® g Rh; 30 ml of solution ; 4-2 x 10 -* equivalent of HClO4; Temperature, 25°; Filtra- 
tion immediately after titration of acid solution with ammonia. 


essentially constant at 90 per cent. From pH 8-5 to 9-5 there was a decrease in 
the fraction adsorbed fiom 90 per cent to 80 per cent. Fig. | shows the data in 
the form of a plot of the log of the adsorption ratio (fraction adsorbed to fraction 
in solution) vs. pH. 

In hydrochloric acid solution rhodium forms a chloride complex, (RhCI,)° 
which, being negatively charged, should not be adsorbed on paper. To be certain 
of this, hydrochloric acid solutions of rhodium were adjusted to different pH values 


‘**) M.H. Kurpatov and O. J. Kvamme, J. Inorg. Nucl. Chem. 16, 109 (1960). 
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by titration with ammonia and the solutions filtered. A uniform amount of about 
6 per cent of the rhodium was retained on the paper in the whole range from pH 4 
to 9. See Table 1. This high a fraction retained by the paper can be accounted for 
by incomplete conversion of the cation to the chloride complex. 

When the salt concentration in solution was changed from 1-4 10-3 to 2x 10-1 
mole ammonium perchlorate per litre the fraction of rhodium adsorbed decreased 
from 90 to 85 per cent at pH 7. This is in line with previous work and points up the 
advantage of keeping the salt concentration as low as possible when making a separa- 
tion of ions from solution.by paper adsorption. 

In order to determine whether the fraction adsorbed on paper would change 
when samples were allowed to stand after titration samples were filtered after stand- 
ing for different periods of time. The data given in Table 2 show (1) that the fraction 
adsorbed decreased from 90 to 74 per cent in a period of 70 hr and (2) that the 
fraction adsorbed on the glass containers (outside ground weighing bottles) became 
significant after 20 hr. So there is no advantage to be gained from allowing samples 
to stand. One explanation that may be given for the decrease in the fraction adsorbed 
with time is the possible formation of a rhodium ammonium complex. 

Separation procedure. The essential details of the procedure are as follows: 

(a) The tubes used for solution of the ruthenium target material are made from 
*/, in. thick walled Pyrex monometer tubing about 40 cm in length. Samples of 15 mg 
of powdered ruthenium and 3 ml of the acid mixture (40 parts concentrated hydro- 


TABLE 1.— THE EFFECT OF PH ON THE ADSORPTION OF RHODIUM FROM 
A HYDROCHLORIC ACID SOLUTION 





Rhodium activity 


Adsorption (%) 
adsorbed (counts/min) P M 


pH 


4-15 53 5-9 
5-0 53 5-9 
63 59 66 
730 53 5-9 
i, ae 51 5-7 
8-7 60 6-7 
94 | 52 5-8 





Constant factors: 1:05 x 10° equivalents of HCl 
896 c.p.m. of rhodium tracer Filtration immediately after titration 
30 ml of solution Temperature = 25°C 


chloric acid and three parts of concentrated nitric) are introduced into each tube, 
and the tubes are sealed while chilling the acid mixture with dry-ice-acetone mixture. 
These tubes are enclosed in aluminium lined, half-inch galvanized pipe with caps on 
both ends and then heated to 200—-220° for 2-3 hr. After cooling, the contents of 
the tubes are transferred to a distilling apparatus. 

(b) For the perchloric acid distillation of ruthenium oxide 10 ml of 60 per cent 
perchloric acid is used pe: 15 mg of ruthenium. During the distillation ai is passed 
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TABLE 2.— THE EFFECT OF TIME LAPSE BETWEEN TITRATION AND FILTRATION ON THE 
ADSORPTION OF RHODIUM ON FILTER PAPER 
(PERCHLORIC ACID SOLUTION) 





Time Original Adsorbed Filtered Adsorbed Adsorbed 
lapse solution on glass ows on paper | on paper 


(hr) (counts/min) | (counts/min) (counteyan) (counts/min) | (%) 


1-5 988 891 
4-0 988 884 
$5 880 89-1 
7:8 864 88:8 
20-7 957 85:9 
27:6 84-3 
41-7 733 81-4 
70-6 13-6 


90:2 
89-4 


0 | 988 892 | 90:3 
} 





Constant factors: Temperature = 25 + 1°C 
pH = 70+ 0:1 4:2 x 10-5 equivalents of HCIO, 
30 ml. of solution 


Ruthenium Torget 


HC! + HNOy 
in secled tube 





ot 200°C tor 
2 to 3 hours 


Ry + Rh: tuts 
[HC10,, distin] 


99% of the Rn plus Rus + I% of the Rh 
impurities in the distilling flask in_NoOH trap 


[wcr, neat } [CeHs0H, heot] 


RHCK: * wmpurities 
T Ru, RuO,, Ru 


[NH,OH to ph 75, filter] 








ae the *2 ond +3 94% of the RHC *| chorged 
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Fic. 2.—Chemical procedure for processing ruthenium targets. 


through the solution at the rate of three to four bubbles per second. Distillation is 
continued until the deep red colour fades (about a half hour). The distilled ruthenium 
oxide is collected in an ice cooled sodium hydroxide solution. 
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(c) The perchloric acid distillation residue contains 99 per cent of the active 
rhodium, the copper-64, zinc-65, postassium-42 and approximately one per cent of 
the original ruthenium. The residue is warmed in an open beaker with periodic 
additions of hydrochloric acid to decompose the perchlorate. This incidentally re- 
moves the last measurable traces of ruthenium. The main purpose in decomposing 
the perchlorate at this point is to reduce the total acid concentration and thus the 
salt concentration after titration to a given pH. 

(d) The hydrochloric acid solution of rhodium and impurities is evaporated 
nearly to dryness, diluted with 10-15 ml of water and titrated with ammonia solution 
to pH 7 (with a Leeds and Northrup pH meter). The solution is filtered through 
Schleicher and Schuell blue ribbon filter paper. About 90 per cent of the copper-64 
and zinc-65 remain on the paper along with 5 per cent of the rhodium. 

(e) The hydrochloric acid filtrate from the above is treated with a small amount 
of perchloric acid to decompose the hydrochloric acid and the rhodium chloride 
complex. The resulting solution is titrated with ammonia solution to a pH 7:5 and 
filtered. The rhodium is retained on the paper to the extent of 85 per cent of the 
original rhodium activity. Ninety-five per cent of the potassium-42 passes through 
the filter paper. 

(f) The rhodium is recovered completely from the filter paper by washing with 
hot hydrochloric acid. 

A flow diagram, with yields in the various steps of the whole procedure, is given 
in Fig. 2. 

Acknowledgement —This work was done under the auspices of U.S. Atomic Energy Commission 
Contract No. AT(11-1)-469. 
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HEAT PRODUCED UPON NEUTRON IRRADIATION 
OF CONTAINERS OF VARIOUS MATERIALS 
AND ITS EFFECT UPON THE NEUTRON 
ACTIVATION PRODUCTS OF DISODIUM PHOSPHATE* 


T. R. Sato and H. H. STRAIN 
Divisions of Biological and Medical Research 
and of Chemistry, Argonne National Laboratory, Argonne, Illinois 


(Received 11 March 1960; in revised form 21 April 1960) 


Abstract—The neutron irradiation of disodium phosphate in glass containers was often accom- 
panied by secondary, chemical condensation of the phosphate to pyrophosphate. This condensa- 
tion was produced by the action of heat, which was liberated in the containers themselves. The 
heat liberated was a function of the boron content of the containers and the neutron flux of the 
reactor. For the maintenance of low temperatures during neutron irradiation of various substances, 
containers of pure silica (quartz) or polyethylene are most effective. In the absence of thermal 
reactions, neutron activation of phosphate did not produce splitting or condensation of the phos- 
phate group. 


IN our studies of the neutron activation of phosphates,” the neutron flux and the 
composition of the containers were found to determine the nature of the radioactive 
products obtained from anhydrous disodium phosphate, Na,HPO,. In containers 
of pure quartz or polyethylene exposed at high neutron flux, the activation product 
was radioactive phosphate, with most of the sample remaining as inactive phosphate. 
But in containers of lime glass, so-called boron-free glass, and Pyrex, both the 
activated and the nonactivated phosphate were converted to pyrophosphate. This 
conversion was traced to the action of heat resulting from neutron binding energy 
liberated in the containers themselves." 

For clarification of the thermal effects encountered during the neutron activation 
of disodium phosphate, the action of neutrons upon various containers has now 
been investigated. The effects of neutron flux and of the size, shape and composition 
of the containers upon the temperature were established. These effects were corre- 
lated with the alteration of the irradiated phosphate, Na,HPO,, as revealed by 
electrochromatographic examination of the products.'''?** 

The neutron activation products from phosphate irradiated in various containers 
should indicate the primary labelled compounds or their principal thermal alteration 


* This work was performed under the auspices of the U.S. Atomic Energy Commission. 
‘) P. A. Secters, T.R. Sato and H.H. Strain, J. Inorg. Nucl. Chem. 5, 31 (1957). 

) T.R. Sato, P. A. Setters and H. H. Strain, J. Inorg. Nucl. Chem. 11, 84 (1959). 

‘) T.R. Sato, Rad. Res. 9, 177 (1958). 

‘) T.R. Sato, Analyt. Chem. 31, 841 (1959). 
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products, but not necessarily the intermediate transition compounds. Consequently 
for detection of intermediate changes, the thermal reactions have been followed by 
means of differential thermal analysis.©) The principal thermal alteration occurred 
in the temperature range of 290-350°C and consisted of direct condensation of 
the acid phosphate to pyrophosphate. 

The heat produced in neutron-irradiated glass containers was correlated with the 
absorption of neutrons by minute quantities of boron in the glass. The higher the 
boron content of the glass, the higher the temperatures produced by the neutron 
irradiation. 


MATERIALS AND METHODS 


Containers and measurement of container temperature. Glass tubes for the irradiations were 
prepared from “pure silica” (quartz, Corning Glass Company), “boron-free glass” (Corning 7280), 
“lime glass” (Corning), and Pyrex. Analysed by a modification of the Chapin technique, lime glass 
contained 0:44 per cent boron; the boron-free glass, 0-033 per cent boron; and the quartz, no de- 
tectable boron. Pyrex was reported to contain 3-6-4-0 per cent boron.'® Polyethylene containers 
were prepared from tubing (1 cm o.d.). This polyethylene contained no detectable boron and 
only minute traces of other inorganic elements. 

Three different tubes (varying in shape and sample content) were prepared from each glass 
and from polyethylene as follows: empty tubes, 1 cm o. d. x 10 cm, sealed at one end, sample tubes 
of the same dimensions containing phosphate, and capillary tubes, prepared from tubes 1 x 10 cm, 
with one end melted into a thick-walled capillary and sealed; o. d. of capillary 10 mm, i. d. 2 mm, 
length 2 cm. The sample tubes contained a powered commercial preparation of anhydrous Na,HPO,: 
0-2 g in the quartz, boron-free glass, Pyrex and polyethylene tubes, and 0-4 g in the lime glass tubes. 

Thermocouples, prepared from insulated No. 28 gauge, chromel-alumel wire (duplex thermo- 
couple, Leeds and Northrup Company), were suspended near the sealed ends of the empty tubes, 
within the capillaries of the capillary tubes, and within the powdered crystals in the sample tubes. 
The insulated wires from the thermocouples were secured tightly in the glass tubes by means of 
cork stoppers. These wires, about 12 ft long, were welded to copper wire, the unions serving as the 
cold junctions (at 0°C). Each tube with its affixed thermocouple was placed in an aluminium can 
(3 cm in diameter, 14 cm long) and an aluminium cover was wired in place. 

For irradiation at high neutron flux, the covered aluminium cans containing the tubes and 
thermocouples were lowered into the vertical thimbles of the Argonne Reactor (CP-5), which had 
been turned off for the loading operation. The reactor was then brought to full power in about 
25 min, (temperature about 50°C; neutron flux about 1-5 = 10!3 neutron/cm? sec; and y-irradiation 
roughly 5 ~ 10° r/min). 

For irradiation at low neutron flux, the glass and polyethylene containers were placed in the 
so-called “isotope hole number 2” in the ventilated graphite reflector of the reactor at various 
distances from the vertical centreline of the reactor core, (temperature about 30°C; neutron flux, 
1 x 107-1 x 10!! neutrons/cm? sec; --irradiation, about 5x 10° r/min). 

For the measurement of temperature, the copper thermocouple leads were connected to a Leeds 
and Northrup ten-point thermocouple selector switch so that nine different thermocouples could 
be connected quickly in succession to a Brown recording potentiometer in parallel with a variable 
resistance. 

The chromel-alumel thermocouples were standardized at 0°C and at 100°C, the voltage output 
being measured with a Leeds and Northrup miilivolt potentiometer. 


(9) W. J. SMOTHERS and Y. CHIANG, Differential Thermal Analysis: Theory and Practice. Chemical 
Publishing Co., New York (1958). 
‘6) J. P. Witttams, E. E. CampBect and T.S. MaGuiocca, Analyt. Chem. 31, 1560 (1959). 
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Analysis of irradiated phosphate. The products formed by the neutron irradiation of phosphate 
in various containers were separated by electrochromatography.'* For this purpose, 0-0142 g 
portions of the irradiated salts were transferred to 10 ml volumetric flasks and dissolved in water 
to form 0-01 formula weight solutions. The oxyacids of phosphorus contained in 25 ul of these 
solutions were separated by electrical migration in a soft, acid-washed, commercial filter paper 
(Eaton-Dikeman, Grade 301, 0-03 in. thick) moistened with 0-1 M acetic acid. For the location 
and semiquantitative estimation of the radiation products, radioautographs of the dried electro- 
chromatograms were made with Kodak No Screen X-ray film'* 7”). 

Phosphorus compounds separated by the electrical migration were identified by the simulta- 
neous migration of nonradioactive authentic preparations in the same sheet of filter paper. For 
location of the zones of these authentic nonradioactive phosphorus compounds, the substances 
were activated in the paper after the migration.'!) To this end, the dried paper was placed on a sheet 
of polyethylene, and the two sheets were rolled together, providing a cylinder, about 2 in. in diameter, 
which was wrapped in another sheet of polyethylene and irradiated in the thermal column of the 
reactor for two days at approximately 10'? neutron cm~? sec~!. After the irradiation, the paper 
was permitted to “cool” for some 7-14 days, to reduce the background of the paper itself, before 
making a radioautograph. 

Analysis of heated phosphate. Thermal changes reflecting chemical alteration of NazHPO, dur- 
ing heating were determined by Mr. H. NAKAMURA at the Armour Research Foundation of the 
Illinois Institute of Technology, Chicago, Illinois. For these differential thermal analyses, 0-5 g 
of sample was heated electrically at a constant rate (8°C per min) in an insulated apparatus, and 
the variation of the temperature with time was observed.'®) 

Chemical changes of NazHPOy, produced by heat were determined by electrochromatography 
To this end, separate samples of the phosphate, about 5 g each, were placed in a cylindrical nickel 
block 6 cm in diameter and 6 cm deep with a hole 2:5 cm in diameter by 3 cm deep and with thermo- 
couples in the block and in the phosphate. This device was then heated to 155°C at about 8°C per 
min in a thermostatically controlled electric furnace. After about 24 hr at 155°C, a sample of the 
phosphate (about 0-5 g) was removed; the temperature was raised to 260°C for 24 hr, and the 
sampling was repeated; the temperature was then raised to 400°C for 24 hr, and a final sample 


(4). 


was taken. 


RESULTS 


Glass containers irradiated at a high neutron flux exhibited the variation of 
temperature with time shown in Fig. 1. At the high flux, each of the three quartz 
containers (empty tube, sample tube, and capillary tube) reached a constant tempera- 
ture of about 155°C, some 100°C higher than the temperature of the reactor, 
measured with bare thermocouples. The three boron-free glass containers reached 
higher temperatures; empty tube, 368°C; sample tube, 350°C; and the capillary tube, 
398°C. The three lime glass containers reached very high temperatures: empty tube, 
537°C; sample tube, 499°C; and the capillary tube, 555°C. Pyrex tubes softened and 
collapsed. 

Glass containers irradiated at low neutron flux exhibited the variation of tempera- 
ture with time summarized in Fig. 2. The temperature of lime glass rose to 50°C, 
only 20°C above the temperature of the graphite shield, 30°C. The temperature of 
the quartz and boron-free glass rose to 36°C, polyethylene remained at 30°C. 


TR. Sato, W. P. Norris and H.H. Strain, Analyt. Chem. 27, 521 (1955). 
‘8) To be described under Contract No. AF 33(616) 6143. Also presented at the Fourth Biennial 
Conference on Carbon. University of Buffalo, June, 1959. 
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Fic. 1.—Temperature reached by containers of various glasses exposed to neutrons at a high 


flux (1 x10!3 neutron cm? sec~!) in the CP-5 reactor as a function of time. 
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Fic. 2.—Temperature reached by containers of various materials irradiated by neutrons at a low 

flux (1 x 10!© neutron cm~? sec!) in the CP-5 reactor as a function of time. Containers placed 

at slightly different locations may have been exposed to small variations in radiation flux as well 
as to small temperature gradients as is indicated by the initial temperature readings. 
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The temperatures reached by quartz containers at various levels of neutron 
irradiation are shown in Fig. 3. Even with pure quartz, there was a significant 
temperature rise with an increase in neutron flux. 
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Fic. 3.—Temperature reached by quartz containers exposed to various levels of neutron flux. 
(cf. Fig. 2). 


Containers with much boron, for example, Pyrex (borosilicate) glass, reached 
elevated temperatures. For these containers, the temperature as a function of neutron 
flux is shown in Fig. 4. 
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Fic. 4.—Temperature reached by Pyrex containers exposed to various levels of neutron flux. 


The interrelationships of composition of the containers, temperature, and neutron 
flux are shown in Fig. 5, which is based on data in Figs. 3 and 4. At a low flux 
(1 x 107-1 x 10'° or 1x 10'' neutrons cm~? sec™', the composition of the container 
has relatively very little effect on the temperature, whereas at high flux (above 
1x 10'' neutron cm~? sec™'), it has a great effect. 

The influence of the different glass containers upon the activation products of 
Na,HPO, samples exposed to neutrons at high flux for 6 hr is reproduced in Fig. 6. 
As shown by simultaneous electrical migration of authentic H,**PO, (from Oak Ridge 
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Fic. 6.~ Radioautograph of radioactive products separated by electrochromatography after 
neutron irradiation of Na2zHPQOg, at high flux in lime glass, boron-free glass and quartz tubes in 
air. Background solution 0-1 M acetic acid; migration time 2 hr; D. C. potential about 12 V/cm. 
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Fic. 7.—Neutron activation products of NazHPO, separated by clectrochromatography and 

reactivated by neutron irradiation of the electrochromatogram. The eclectrochromatogram that 

provided the autograph shown in Fig. 6 was permitted to stand until the activity decayed (one 

month), exposed to neutrons at a flux of 10!? neutron cm—? sec—! for 48 hr and allowed to stand 
for 2 weeks tefore making the autograph. 
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Fic. 9.—Radioautograph of the electrochromatogram of Na2zHPO, heated to the indicated 
temperatures for 24 hr, submitted to electrical migration in 0.1 M acetic acid for 4 hr at 10 V/cm, 
exposed to neutrons (48 hr), and cooled (2 weeks) before the autograph was made. Authentic pre- 
parations of NazHPO, and NagP207 added for identification. 
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National Laboratory), the principal radioactive product formed in the quartz tube 
was phosphate (*7PO}~). In boron-free glass and lime glass tubes, the principal 
radioactive product was pyrophosphate (P,0,*~), but all the nonradioactive phos- 
phate had also been converted to pyrophosphate. To show this condensation, the 
electrochromatogram that provided the autograph reproduced in Fig. 6 was allowed 
to stand until most of the radioactivity had decayed (about one month). The paper 
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Fic. 5.—Temperature reached by Pyrex and quartz containers exposed to various levels of 
neutron flux. Average values taken from Figs. 3 and 4. 


was then exposed to neutrons, allowed to coo] for two weeks to reduce its back- 


ground activity, and another autograph was made. As shown in Fig. 7, virtually all 
the activity due to phosphorus compounds was located in the pyrophosphate zone 
(compare with Fig. 6). 
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Fic. 8.— Differential thermal analysis of NazHPO,. The principal peak results from the con- 
version of Na2zHPO, into Na4gP 0. 


Irradiation of Na,HPO, at low neutron flux in containers of polyethylene, quartz, 
lime glass, boron-free glass and Pyrex yielded only radioactive phosphate (Fig. 6). 
Differential thermal analysis applied to Na,HPO, provided the heating curve 
shown in Fig. 8. This curve, indicating an endothermic reaction between 325 and 
390°C, is similar to those reported for dipotassium™ and monocalcium'® phosphates 


(9) R. K. OSTERHELD and L. F. AupriettH, J. Phys. Chem. 56, 38 (1952). 
10) W. L. Hitt, S. B. Henpricks, E. J. Fox and J. G. Capy, Industr. Engng. Chem. 39, 1677 (1947). 
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in which the major endothermic reaction is the formation of pyrophosphate. As 
shown by heating separate samples for a much longer period (24 hr), this same 
conversion occurred at 260°C as indicated by the electrochromatogram reproduced 
as Fig. 9. Minor peaks in the thermal analysis curve, Fig. 8, could not be correlated 
with stable species separable by electrochromatographic analysis (Fig. 9). In all 
respects, these observations are in agreement with earlier reports indicating that 
pyrophosphates are the principal products formed by the action of heat on secondary 


(9-12) 


phosphates. 
DISCUSSION 


The variation of the temperature of containers of different glass exposed to 
high neutron flux (Fig. 1) indicates that the heat originated in the reaction of 
neutrons with the glass itself and not from the y-ray irradiation. At low flux 
where temperature increases were small, there were often inconsistencies in the 
initial temperature of the containers and in the temperature rise (see Figs. 2, 3 and 4). 
These small variations may be related to temperature and neutron flux gradients in 
the reactor. The dependence of the heating effect upon the neutron flux is related 
to the boron content of the glass, to the large cross-section of boron for neutrons, 
and to the great energy of the B (n,x) Li reaction. Each boron atom has several 
thousand times greater capacity or cross-section for absorption of neutrons than 
each atom of calcium, silicon and oxygen in the glass itself.'*’ Even though each 
atom of these elements liberates about the same neutron-binding energy per neutron 
absorbed, a pure silica glass (quartz) with as little as 0-03 per cent boron should be 
heated about ten times as much from neutron absorption by boron as from neutron 
absorption by the silicon and oxygen combined. 

In the tubes of different composition, heat production and heat transfer were 
not affected significantly by the presence of Na,HPO,. Obviously, heat production 
did not take place in the phosphate itself. 

At the high neutron flux, the temperature reached by the quartz containers was 
not sufficient to convert the Na,HPO, into other products (Figs. 8 and 9). Under 
these conditions, the absence of radioactive pyrophosphate among the irradiation 
products (Fig. 6) shows that neutron irradiation and the accompanying y-irradiation 
of phosphate at lower temperatures does not lead to pyrophosphate formation. 
Consequently the condensation of the phosphate to pyrophosphate in tubes of other 
glasses must be a thermal reaction produced from heat liberated in the containers 
rather than a nuclear or y-irradiation reaction induced in the phosphate itself. 
Similarly, the production of radioactive phosphate without radioactive pyrophos- 
phate in the quartz tubes shows that the nuclear binding energy of the activated 
phosphorus atoms was dissipated without formation of local hot spots capable 
of condensing active phosphate to active pyrophosphate. 


{0) R.N. Bett, Inorg. Synth. 3, 98 (1950). 

2) J. R. VAN Wazer, Phosphorus and its Compounds. Interscience, New York (1958). 

3) G. FRIEDLANDER and J. W. KENNEDY, Nuclear and Radiochemistry. John Wiley, New York 
(1955). 
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The rate of heating of the glass containers, indicated by the slope of the curves 
in Fig. 1, was influenced by the heat capacity of the tubes themselves and by the 
gradually increasing neutron flux as the reactor was brought to full power during 
the first 25 min. Thereafter, the heat production was balanced by the heat loss due 
to thermal conductivity. 

The method of differential thermal analysis not only revealed the condensation 
of phosphate to pyrophosphate (Fig. 8), but it also shows that the pyrophosphate 
is remarkably thermostable.''' '”) 

At low neutron flux, below | » 10'° neutron cm ? sec™', the variation of tempera- 
ture with variation of the containers is relatively insignificant as compared to the 
variation at high flux, above | » 10''. Even at very low neutron flux the temperature 
of lime glass tubes rises slightly while the temperature of the boron-free, quartz and 
polyethylene tubes does not increase (Fig. 2); hence for maintenance of minimum 
temperature during neutron irradiation of labile substances, containers of boron- 
free glass or pure quartz (or polyethylene) would be most suitable. 

Although it is usually desirable to irradiate substances at low temperature, there 
may be occasions when an clevated temperature is preferred. Containers with much 
boron, for example, Pyrex glass, may be used to achieve elevated, controlled temper- 
atures through variation of the neutron flux, as indicated by Fig. 4. It should also 
be possible to prepare containers packed or surrounded with mixtures of boric oxide 
and alumina so that the temperature depends upon the composition of the mixture: 
hence for any flux particular temperatures may be obtained. 
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advice. The reactor operators supervised the irradiations and provided data on the neutron and 
gamma fluxes. The analysts of the Division of Chemistry provided analyses for boron and sensitive 
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IN DEKAGRAM QUANTITIES 
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M. M. BENARIE 
Scientific Department, Ministry of Defence, Tel-Aviv, Israel 
(Received 25 March 1960) 
Abstract— While the enrichment of small quantities of the ®Li isotope by electromigration appears 
relatively simple, the cathodic chlorination of the lithium and the regeneration of lithium chloride 
causes difficulties in continuous operation and in the separation of larger quantities. The introduc- 
tion, of the hollow graphite cathode, described in the present paper, which functions as a saturated 
chlorine cathode, eliminates this difficulty. With the simple and inexpensive apparatus described 
here, the method gives a satisfactory enrichment and easily reproducible results. 


For the preparation of semi-industrial quantities of the lithium isotopes, two methods, 
where hydration of the ions is present, ion exchange and electromigration,'!—9% 
seem by far the most promising. 

Electromigration in molten halides is preferable to that in aqueous solution, as 
the migration velocity in the former case is ten times greater. The greater conductivity 
of the melts makes it possible to use a fifty times stronger current, and the electrical 
transport is wholly carried out by the lithium ions, not only to the extent of about 
30 per cent, as in aqueous solution. All these factors combined give a thousand 
times greater overall separation factor in molten salts than in solution. As the radial 
temperature distribution in the separation column is both theoretically and prac- 
tically one of the limiting factors of the separation, the tenfold greater range in 
the temperature of operation, which is possible with the melts, is an additional 
advantage. 

There is no significant difference in the migration velocity of the Li ion isotopes 
in molten LiCl (relative perceptual difference in the migration velocities) ;{1 
LiBr (2°3%/,)"" and Lil (2-3°/,)."2) As the immediate and quantitative regeneration 


{) A. KiemM, Z. Physik. 123, 10 (1944). 
2) A. KiemmM, Z. Naturforschg. 1, 252 (1946). 


A. Kiemm, Z. Naturforschg. 3a, 211 (1948). 
A. KiemM, Z. Naturforschg. 7a, 417 (1952). 
A. K. Brewer, S. L. Maporsky and J. W. WESTHAVER, Science 104, p. 156 (1946). 
A. K. Brewer, S. L. MAporsky ef al., J. Res. Nat. Bur. Stand. 38, 137 (1947). 
') J. W. WesTHAveR, J. Res. Nat. Bur. Standards 38, 169 (1947). 
G. Breit and F. L. FriepMANn, J. Res. Nat. Bur. Stand. 39, 397 (1947). 
A. LUNDEN. Thesis, Goteborg (1956)—with a complete list of the literature. 
A. KvemMM, H. HINTENBERGER and P. Hoernes, Z. Naturforschg. 2a, 245 (1947). 
. LUNDEN, Z. Naturforschg. 11a, 590 (1956). 
. LUNDEN, S. CHRISTOFFERSON and A. LoppING, Z. Naturforschg. 13 a, 1034 (1958). 
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of the halide is one of the main difficulties to be surmounted even with the 
chloride, and it is known that with the bromide these difficulties tend te become even 
more acute, it was considered worthwhile to work with the inexpensive and readily 
available chloride. 

The successful enrichment of the ’Li isotope has been reported by KLEMM‘), 
However, the enrichment of the °Li isotope presents some additional problems. 
’Li concentrates at the anode, and as the cathodically accumulating metallic lithium 
is not used and may be collected or otherwise disposed of, one can use the classical 
metallic construction materials of alkali electrolysis. 

*Li, on the other hand, must be retransformed on the cathode quantitativelv into 
lithium chloride. 














Fic. 1. 


Molten lithium is one of the most corrosive chemical agents known."!4 It can only 
be brought into contact with iron and a few alloys of iron, but none of these feirous 
alloys is resistant to the attack of dry chlorine gas over 600°C and much less to the 
corrosive atack of chlorine when molten LiCl is also present. At 600°C lithium 
chloride attacks strongly the ferrous alloys even in the absence of chlorine. 

Molten lithium is especially destructive to graphite and carbon, which otherwise, 
i. e., if only hot chlorine and alkali halides were present, would be the most promising 
construction materials. Lithium metal diffuses into the pores of carbon and graphite, 
causing the disintegration of the carbonaceous material to a fine powder. 

No metallic lithium should appear in the presence of chlorine, but the rate of 
the reaction between the chlorine gas that forms the atmosphere, and the lithium 
present on and in the graphite electrode is limited by the diffusion velocity and 
solubility of chlorine in molten lithium chloride, the geometry of the arrangement and 
the efficiency of mixing. 


(13) A. KLEMM, Proceedings of the Symposium on Isotope Separation p. 275. North-Holland Publish- 
ing Co., Amsterdam (1957). 

"4 Liguid Metals Handbook p. 158. AEC-NAVEXOS P-733 (rev) June (1952). 

(5) A. Kiem, Z. Naturforschg. 6a, 512 (1951). 
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The experimental arrangement as used by KLEMM'!5) and also in the first orienta- 
tive experiments of the present study, is shown in Fig. 1. Here, only the chlorine 
which diffuses through the free surface of the catholyte and is transported to the 
cathode by convection and diffusion, reacts with the lithium (there is perhaps also 
diffusion in the longitudinal axis of the cathode rod as shown by the broken arrows 
in the figure). This arrangement is absolutely unsatisfactory at electrolysis currents 
above 500 mA, that is, at more than 0-5 A/cm? current density on the cathode. In 
fact, every paper on the subject (see e. g."9’) states that failures in the cathodic 
regeneration process caused the premature failure of the whole apparatus, and 
KLeEMM‘!6) summarizes his experience by saying that the cathodic chlorination of 
lithium during continuous operation is only possible if the surface of the melt that 
is in contact with gaseous chlorine, and the volume of the cathode compartment, 
are relatively large. 

At higher cathodic current densities the disintegration of an unprotected carbon 
rod takes only seconds or a few minutes at most, so that expendable or quickly 
changeable cathodes were not a reasonable solution for the present problem. 

lt was shown, that no external agitation, either by gas bubbles or any other 
means, can cope with the stringent demands of the process. 

As one ampere-second corresponds to about 1/3 mg of chlorine, current densities 
of 20 A/cm? on the cathode, which are indispensable for a practical enrichment 
process, would mean the transport of 7 mg of chlorine per square centimetre of 
cathode per second. To dissolve this quantity of chlorine at about 650°C, the 


quantity of 1g ~ 0-7 cm? of lithium chloride is needed (v. WARTENBERG'!7)), 

For the enrichment to be successful, this must be the order of magnitude of the 
whole quantity of lithium chloride present in the cathode compartment. Consequent- 
ly the process of dissolving the chlorine, its transport to the cathode and its diffusive 
exchange should be cyclically repeated at least once each second*. 

The ultimately adopted solution for the problem was an arrangement which may 
be called the “pressure-diffusion cathode” (PD-cathode); it is illustrated in Fig. 2. 


The body of the cathode is made of graphite. A cathode with A = 1-5 mm, B = 3 mm and 
D = 20 mm was used quite successfully with pressures of 3-5—4-0 atm chlorine pressure and an 
effective current density of 20 A/cm?. The pressure duct in the hot (> 500°C) zone is made of an 
arc carbon tube of relatively low porosity. This tube serves at the same time as electrical lead. 
Care must be taken not to overload this carbon tube by the high currents used. 


"6) A. KiemmM, Z. Elektrochem. 58, 610 (1954). 
{17) YON WARTENBERG, Z. Elektrochem. 32, 330 (1926). 

* To compare the difficulty of the present problem with the needs and efficiency of the in- 
dustrial gas-liquid contactors‘'®), it should only be mentioned that vaned disk agitators, at their 
highest energy input, allow the reaction of a maximum of 0-005 moles of atmospheric oxygen per 
litre catalysed sulphite solution per minute, while the present process demands the reaction of about 
six moles of chlorine gas per litre catholyte per minute at the usual 20 A/cm® cathodic current 
density. The difference in the value of the solubility of oxygen in water and chlorine in molten 
lithium chloride, the difference in the working temperature and in the mass transfer coefficient 
may be to the advantage of the chlorine transfer. Nonetheless the gas-liquid mixing problem remains 


acute. 
(18) C, M. Cooper, G. A. Fenstrom and S.A. MILLER, Jndustr. and Engng. Chem. 36,504 (1944) 
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The computation of the constructive details of the pressure-diffusion cathode is explained in 
the following paragraphs. 

The working current and gas pressure are chosen first in accordance with the desired output. 
As the current density should be as high as possible, the total current carried by the electrode will 
determine the diameter D. After deciding on the maximum pressure of the chlorine gas (working 
pressure multiplied by a safety factor which, for graphite, should not be smaller than 2-5), the 
minimum thickness A is computed by the aid of the known formula for rigid and circular plates, 

D2 
T = 0-12p 7 


where 7, the tensile force, should be safely below the tensile strength of the brand of graphite used. 
B must be larger than 2A, to minimize chlorine losses through the side wall. 

The chlorine must flow through the electrode at the rate of 0-13 cm?/A at normal temperature 
and pressure, which means for 20 A/cm? and a working temperature of about 900°K a gas flow of 
about 8 cm/sec. Darcy’s law of fluid flow in porous media 


k dp 
5 dA 


Vv, 


(where k is the permeability of the graphite, 1 the shear viscosity of chlorine at 900° and v = 8 cm’, 
the volume crossing the unit area in unit time), is useful for the calculation of the working pressure, 
if the permeability constant of the graphite used is known — which condition unfortunately cannot 
always be met. 
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Fic. 2.—Section of the pressure —diffusion electrode tip. 


If this calculation gives technically unmanageable dimensions (e. g. it would be very difficult 
to turn A thinner than 1 mm on the lathe), another brand of graphite with different tensile strength 
and permeability constant must be chosen. 

As the electrode is a conductor immersed in a liquid medium of fair conductivity, the current 
lines concentrate almost perpendicularly on the end plate. To avoid an excessively high (and corro- 
sive) current density on the edge indicated by the double arrow in Fig. 2, this edge should be rounded 
off with a radius of about 1 mm. 

The upper part of the electrode is of minor importance: any cleanly cut thread which is compat- 
ible with the physical dimensions of the electrode and the machineability of the graphite will be 
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sufficiently rigid and gas-tight when filled with one of the commercial colloidal graphite prepa- 


rations (e. gz. Aquadag). 
As the dimension A (see Fig. 2) is generally between 1 and 2 mm, while D is about 20 mn, it 


was feared that due to the brittleness of graphite, an undetected crack in the electrode or an unin- 
tentional rise in the chlorine pressure would cause an explosion-like sudden burst of chlorine gas. 
This possibility was indeed anticipated in the design study. The introduction of a “resistance” - 
a piece of glass capillary of | mm diameter and a few centimetres in length — in the chlorine duct 
minimized the effects of such a gas burst in large measure, so as to make additional safety measures, 
e. g., an automatically closing main chlorine valve, superfluous. Indeed, the splashing of the molten 
salt, when an electrode tip burst was so small that after joining a new cathode onto the gas duct, 
the electrolysis could be continued in less than 5 min. The apparatus remained unharmed, and 
the existing gas exhaust managed easily the momentarily augmented chlorine flow. 


In spite of superficial similarity, the PD electrode is not a sparger. When chlorine 
pressure and current density are well adjusted, the electrode liberates only a few 
gas bubbles and the combination of the chlorine with the lithium takes place at the 
surface of the electrode. The cathode acts as a saturated chlorine electrode and the 
cathodic reaction is rather analogous to the catalytic surface combustion of fuels, 
whilst the reaction of already liberated metallic lithium with dissolved chlorine would 
correspond to a fuel flame. By the way, a porous sparger evolving chlorine gas, does 
not avoid the quick destruction of a graphite cathode which is situated 5 mm above 
the sparger. 

During the electrolysis, the separation column is heated by the current at the rate 
of about 4 W/cm’. The boiling point of LiCl (1655°K) must not be attained or even 
approached in any part of the separation column. The evolution of a gas bubble, 
either of LiCl vapour or of absorbed or trapped gas, reduces the conducting cross- 
section of the column, causing a local overheating of that part of the column, giving 
still more gas and a more effective blocking. In a very short time, the full voltage 
of the d. c. -supply is concentrated across a very short distance. This causes an arc, 
which the packing material and the column cannot withstand. 

The heat losses by conduction and by radiation of separation columns of less 
than 10 mm diameter, suspended in air, are relatively high. In such columns, HERZOG 
and KLemmM'!9) found that with a current density of 5 A/cm? the innermost part of 
the column is about 120°C hotter than oven (air) temperature. 

Columns of greater diameter need a more effective coolant than air; the best 
means for cooling seemed a well-agitated (by the anodically evolved chlorine bubbles) 
molten salt bath. Consequently, for columns over 10 mm in diameter, the concen- 
trically immersed configuration, as shown in Fig. 5, was adopted. 

Because of the intensive stirring of the molten lithium chloride in the exterior 
(anodic) volume, the temperature of the exterior wall of the diaphragm tube is not 
significantly hotter than 900°K. It follows that the total temperature gradient from 
near 1655°K to about 920°K will be distributed from the centre of the diaphragm to 
its Outer perimeter. 

Taking into account, that the electrical conductance of molten salts in general 
is exponentially dependent on the absolute temperature, the specific conductivity of 


8) W. HerRzoG and A. KLEMM, Z. Naturforschg. 13a, 7 (1958). 
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the molten electrolyte will be at least six times greater at the centre than at the outer 
wall of the diaphragm tube. This difference in conductivity causes a great mobility 
of the ions at the center and a much stronger separation effect, so that a wide, 
superheated diaphragm will not have a greater separation factor than one of smaller 
diameter, with a more uniform temperature distribution. 

The radial temperature gradient, with the corresponding gradient in conductivity 
and viscosity, determines the practical limit to the diameter of the separation column. 
The experimentally measured maximum current, as a function of the column diameter 
(separation columns in air) is presented in Fig. 3. As expected, the current is a linear 
function of the diameter. as the heat dissipating surface is 2xr per unit length. 
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Fic. 3.—Diaphragm diameter versus maximum current. Crosses, experimental data. Computed 
curves of equal current density also shown. 


As the enrichment factor fis proportional to the current density, f will be inversely 
proportional to the diameter of the separating tube. The enriched quantity is pro- 
portional to the total current. For any desired enrichment factor, combined with 
the size of output which is desired from the apparatus, a corresponding diameter 
for the diaphragm tube must be chosen, taking into consideration also the mechanical 
properties and the heat transfer characteristics of the material to be used. Using 
Supremax glass tubes with Alundum filling, a convenient diameter of the separation 
column for high enrichment factors (f = 3-4) was 10-15 mm, while for high yields 
(some-grammes of enriched lithium chloride per day) with low enrichment factor 
({=2), diaphragm tubes of 30 mm diameter were used. 

The use of interior cooling of the diaphragm tube by concentric inner ducts or 
other devices is complicated and has no advantages over an arrangement of a number 
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of diaphragm tubes of medium (say r = 10 mm) diameter in the same anodic con- 
tainer. The improvement of the heat transfer from the outermost surface of the 
anodic compartment (cooling fins; circulating liquid with a temperature not under 
620°C) is a necessary condition for the greater yield of enriched isotope per unit. 


ELECTRICAL AND PNEUMATIC CONTROLS 


Electrically, the apparatus represents no complication. A stabilized a.c. supply of 15 A and 220 V. 
with the possibility of voltage regulation, was used for the heating of the oven containing the electro- 
migration cejl. A d.c. source of 100 A and 0-100 V was provided for the electrolysis. Current 
stabilization for the d.c. was not applied but might be desirable. The interior temperature of the 
oven was kept constant by orthodox regulating devices at better than +5°C during a run. 
The temperature was recorded by a Honeywell recorder. No attempt was made to measure the 
current consumption of the electrolysis; a check was made only by measuring the current and the 
time. 

The pneumatic control assured the introduction of chlorine into the PD-cathode. A larger 
installation for isotope enrichment by electromigration could work on the principle of a closed 
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Fic. 4.—Block diagram of the experimental arrangement. 


circuit of the halogen: the anodically evolved chlorine must only be compressed to the working 
pressure of the PD-cathode. There is no consumption of chlorine; only the accidental losses must be 
supplied from an outside source. 

In the experimental installation only a very:small volume of chlorine circulated, 50 I/hr at most. 
As there are no commercial chlorine compressors available for so small volumes, bottled liquid 
chlorine was used in an open circuit. The installation is illustrated in Fig. 4. 

The chlorine is delivered from the bottle through a needle valve or reducing valve R (1). When 
working at the vapour pressure of the chlorine, which is very advantageous, this valve is not nec- 
essary. The chlorine passes through an electrically operated shut-down valve (2) and an indicating- 
recording-controlling pressure and flow meter mM (3). The chlorine ducts (4) are made of PVC, 
but for a permanent setup it would be desirable to make them of pure nickel. At (5), the entrance 
into the oven, the PVC tube is coupled to a Hastelloy C tube, which before the 500°C zone ends 
into a carbon tube, leading in turn to the PD electrode. The excess of chlorine, together with anod- 
ically evolved chlorine, goes through the flow meter (8) either to an absorption tower or escapes 
directly into a chimney; (7) is a normally closed by-pass valve. 

If the pressure and/or the flow are too large or too small, the meter (3) performs: (a) an auto- 
matic cutoff of the electrolysis and (b) the closing of the chlorine flow with the aid of the shut- 
down valve (2). 
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The interruption of the electrolysis by any other cause also induces automatically the closing 
of valve (2). The same events occur when the chlorine supply fails or any of the chlorine conducts 
bursts. 

The electromigration apparatus consists of a container, a diaphragm tube, an anode assembly, 
a cathode and accessories (see Fig. 5). 

The container with diaphragm tube is introduced into the vertical tubular oven, which consists 
of Kanthal heating wire wound over a Vycor tube of appropriate diameter, thermally insulated 
by two concentric Pyrex tubes. 
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Fic. 5.— Left: the electromigration apparatus. The inner tube is supported by six centring feet 
(not shown in the figure) and is filled to a height of 200-250 mm with diaphragm. Right: the 
anode assembly. 


Into the diaphragm tube of the apparatus, dried in the oven at 680°C, freshly calcinated, hot 
lithium chloride mixed with diaphragm material is filled through a funnel, until the desired height 
of diaphragm (generally around 200 mm) and a molten layer of LiC! filling the apparatus 20-30 mm 
above the diaphragm, is formed. 

The filling takes several hours. The apparatus is generally left overnight in filled condition at 
640-660°C without electrolysis, while a slow stream of dry nitrogen gas flows over the surface of 
the melt. 

After a thorough flushing with a quicker stream of nitrogen, the flange with anodes (the anode 
assembly) is slowly introduced, taking care not to cause solidification of the melt around the anodes. 
Now the flushing with nitrogen is continued through the central (cathode) hole. The flushing with 
nitrogen avoids the oxidation of the carbon and graphite parts. 

Through the central orifice, a cathode is now introduced. The diameter of the cathode must 
be smaller at least by 10 mm than the interior diameter of the diaphragm tube; otherwise, splashes 
of solidified lithium chloride will almost certainly obstruct the escape of the excess chlorine. This 
trivial cause will mean a total loss of the apparatus, because the augmenting pressure in the cathode 
compartment lowers the level of the salt until the contact with the cathode is broken. The electrical 
arc which follows destroys the cathode and the diaphragm tube in a few seconds, short-circuiting 
the anodes. Often the exterior (container) tube is also destroyed. 
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After the introduction of the cathode, the chlorine stream is opened ard leak tests are made 
on all parts of the apparatus. The apparatus should be flushed at least for one hour with chlorine 
and in this time no leak should be detectable. 

The electrolysis current is gradually switched on; during this time, the heating current must 
be correspondingly diminished, to keep the temperature in the desired limits. The glowing of the 
diaphragm, which should be fairly uniform, must be carefully observed. The first switching on of 
the electrolysis, which takes 20-60 min, is one of the most delicate steps of the operation. Once 
the optimum electrolysis and heating currents (often no heating current is necessary) are adjusted, 
the automatic circuitry takes sufficiently care of most emergencies. 

The electrolysis is continued as long as desired, or an eventual failure of the apparatus. If there 
is a defect in the cathode, it can be changed in a few minutes without disturbing the process; 
during this manipulation a sample for analysis can also be taken. Only failures of the diaphragm 
tube or of the outer container itself—defects which are avoidable and occur only seldom—lead 
to the stoppage of the electrolysis. 


RESULTS 


The highest enrichment factors attained are near to the theoretical maximum 
attainable for °Li and reasonable length (20-30 cm) of the diaphragm.“” 


TABLE 1.—RESULTS 





Total _ |Curent per Enrich 
Lic] Dia- |-m? of dia-| 0 of Li —— 
ae Ahr/g | meter ™ ment 
obtained phragm _present* 
(cm) factor 


area 


41-5 ; 45 10-5 1-45 
17 ° 3 19-5 2-63 
18 : a 15-4 2-08 
127 ° 3-7 29-2 3-94 
48-5 : 1-9 15-8 2:14 Tf 


! 





* + 2 per cent. The method used was the determination of the specific gravity by 
flotation, see below. , 

+ Confirmed by mass spectrographic analysis at the Argonne National Laboratories 
(courtesy of Dr. J.J. KATZ). 


An uncontrollable amount of backflow from the cathode compartment through 
cracks and uneveness of the diaphragm into the anode volume is the greatest 
single cause of irregularities in the results. 

The analytical method for the determination of the light isotope content in the 
product was that of the flotation of purified lithium chloride crystals, as developed 
by JOHNSTON and HUTCHINSON. 2-Ethylhexanol®! has no advantage over amyl 
alcohol, used by these authors. 

The samples were purified as for atomic weight determinations. Series of ex- 
periments have been carried out to study the influence of minute quantities of 


20) H. L. JOHNSTON and C. L. HUTCHINSON, J. Amer. Chem. Soc. 62, 3165 (1940); 63, 1580 (1941); 
J. Chem. Phys. 8, 869 (1940). 
{2) GR. WaTeRBURY, E. H. VAN KOOTEN and B. Morosin, Analyt. Chem. 30, 1627 (1948). 
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impurities (e. g. < 0-1 per cent chloride) on the formation of the lithium fluoride 
crystals, with the results that an impure material could not be crystallized by the 
method adopted, so that the aspect of the crystals was accepted as an additional 
proof of their purity. 
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Abstract —The crystal structures of actinium metal and actinium hydride were determined by 
analyses of X-ray diffraction patterns. The results are summarized below: 





Crystal | Unit cell Atomic | Calculated 


Substance | structure | dimensions (A) radius (A) /density(g/cm*) 





Ac f.c.c. | 5-311 + 0-010 1-88 10-07 
Actinium 


hydride | fcc. | 5670+ 0-006 8-35 








FRIED et al."!) have prepared and identified nine compounds of actinium. The com- 
pounds were prepared by methods which have been used in the preparation of 
similar lanthanum compounds and were identified by analyses of X-ray diffraction 
patterns. The crystal structures of actinium and lanthanum compounds were found 
to be very similar. 

The half-life of 2? Ac is approximately 22 years and the betas and gammas emit- 
ted by actinium samples (derived mostly from the daughters of actinium) caused 
darkening of X-ray films and make diffraction patterns rather difficult to obtain. 
FRIED et al. minimized this difficulty by using very small samples (about 0-010 mg) 
and by using actinium which had been freshly separated from its daughters. 

KLEMM and BomMER'2) have prepared samples of lanthanum metal (in capillary 
tubing) by using liquid potassium for the reduction of anhydrous LaCl,. The samples 
contained KCl, which was used as an internal standard for the X-ray camera, and 
proved very satisfactory for X-ray diffraction experiments. 

This paper describes a modification of the method of KLEMM and Bommer for the 
preparation of microgramme quantities of actinium metal and an analysis of X-ray 
diffraction patterns obtained from such samples. 


EXPERIMENTAL 


The interfering daughters of 227Ac are 228Th and 223Ra. The 228Th was removed by extracting 
a solution of Ac in 0-1 M HCI with a 2 per cent solution of TTA (thenoyltrifluoroacetone) in ben- 
zene. The Th entered the organic solution. The Ac and Ra were adsorbed onto a column of Dowex-50 


() §. Frrep, F. HAGEMAN and W.H. ZACHARIASEN, J. Amer. Chem. Soc. 72, 771 (1950). 
(2) W.H. Kiemm and H. Bommer, Z. Anorg. Chem. 231, 138 (1937). 
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resin from the HCI solution. By eluting the column with 4 M HNO; the Ra came off followed 
by traces of Ac. Then eluting with 6 M HNO; removed the Ac. Actually the resin column proce- 
dure is adequate for a relatively efficient separation of Ac, Ra and Th since the Th remained on 
the resin column after the HNO; clutions. However, the Ra formed by decay of Th during the 
6 M HNO; elution is swept from the column and collected in the Ac fraction. To avoid this the 
TTA extraction was introduced first. 

The Ac was now relatively free of radioactive contamination. However, the solution had resin 
or some product from the resin dissolved in it and this material interfered in later steps. To eliminate 
this impurity the solution was first evaporated down to dryness then the residue was dissolved 
in 0-1 M HNO. The Ac was precipitated as the oxalate, leaving most of the resin in solution. The 
oxalate after being dissolved in 8 M HNO; was taken to dryness and finally ignited in air at a temper- 
ature of approximately 1000°C to convert it to the oxide and burn off any organic material. 


To voc. 





X-Ray copilory 


1 
A ‘eToper pnt 


Fic. 1.—Sample preparation apparatus. 


Anhydrous AcCl3; was prepared by heating Ac(OH)3 with excess NH4Cl'*’. The Ac203 was 
dissolved in 6 M HCI then pipetted into the apparatus in Fig. 1 at point A. Concentrated NHzOH 
was added to precipitate Ac(OH)3. The solution was taken to dryness. The dried salts (approximate- 
ly 3 mg of NH4Cl and 0-012 mg of Ac(OH)3 were ground to a powder by means of a thin tantalum 
rod and then shaken down into the capillary. After evacuating this apparatus with the capillary 
pointing down, a tube furnace was positioned around the capillary and the adjoining tube then 
heated to 250°C thereby driving off the excess NH4Cl. This left anhydrous AcCl; in the tip of the 
capillary. 

Actinium metal was next formed by reduction of AcCl3; with potassium vapour. The same appa- 
ratus after filling with He to slightly above atmospheric pressure, had the 7/15 taper cap removed 
to permit the addition of some previously outgassed potassium metal. After re-evacuating the 
assembly, the potassium was melted by means of a torch and flowed down through the constriction 
into the tube to which the capillary was attached. This tube after being sealed off at the constriction 
was heated to 350°. This caused potassium vapour to diffuse into the capiilary and reduce the 
AcCl3. Finally the capillary with the Ac-KCI mixture was sealed off for use in the X-ray 
study. 

An X-ray diffraction pattern was obtained as soon as practicable after the preparation of the 
powder sample of actinium metal. The y-ray background from actinium samples increases with 
time, although about 48 hr are required for the original background to double in intensity. 

All exposures were taken on Eastman, No-Screen X-ray film in a North American Phillips 
114-59 mm diameter powder camera. Copper radiation from a General Electric Ca-6 X-ray diffrac- 
tion tube was used in a General Electric XRD-1 unit. The films were measured, without magnifi- 
cation, by means of a pointer attached to a slide and vernier. The measurement of any one sharp 
line has a possible error of + 0-1 mm. 


‘) J. B. Reep et al., Inorganic Synthesis Vol. 1, p. 28. McGraw-Hill, New York (1939). 
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Since actinium decays primarily by the emission of low energy beta particles, it was decided 
to use unfiltered radiation on the sample and place a nickel foil (0-0004 in. thick) next to the film, 
between the film and the sample. The foil filtered out, or absorbed, the Kg radiation from the 
copper as well as absorbing the weak 8-particles emitted by the sample. 


EXPERIMENTAL RESULTS 


From an analysis of the X-ray diffraction pattern obtained with a La-KCl 
sample, it was found that lines from two face-centred cubic (f.c.c.) structures 
were present in addition to the KCI diffraction lines. The lattice constant ay for one 
of these structures was found to be 5-304 A, a value in very close agreement with 
the a, value reported by KLEMM and BoMMER"? for the 8-form of lanthanum metal. 
An a value of 5-669 A was found for the second f.c.c. structure. This value is in 
very close agreement with the lattice constants in the literature for lanthanum 
hydride."4-5) The experimental data, as well as calculated results, are presented in 
Table 1. The observed sin?6 value, are identified with KCl, 8-La, and lanthanum 


TABLE 1.—LANTHANUM—LANTHANUM HYDRIDE 





Indices Sin20 Relative intensities* 


Lanthanum act ; —_ Calc. lanthanum 
Obs. Ca .. Obs. Ca Cc. ({ -La) hydride 


hydride 





0-05544 0:05538 1-00 
0:06340 0:06327 
0:07368 0:07384 , 0-51 
0-:08480 0:08436 
0-148] 0-1477 ) 0:37 
0-1693 0-1687 ? 
0-2033 02031 0:44 
0-2319 0-2320 
0-2536 02531 
0:2947 0:2954 

331 0:4005 0:4007 , 0-17 

420 0:4218 0-4218 ) 0-15 

333 0-5696 0:5694 , 0-15 





* Intensity designations: s = strong, ms = moderately strong, m = medium, mw = moderately weak, w = weak, 
vw — very weak, and f = faint 

t Sin20 calculated with ay = 5-304 A for 3-La and ao = 5-669 A for lanthanum hydride. 
hydride. Potassium chloride was used as an internal standard for the X-ray camera. 
The 8-La and lanthanum hydride diffraction angles were corrected to this standard. 

The X-ray diffraction pattern obtained with an Ac-KClI sample was very similar 
to the La—lanthanum hydride-KCl diffraction pattern. In addition to the KCI 
lines, the Ac- KCI pattern exhibited lines for two different f.c.c. structures with dp 
values of 5-311 and 5-670 A. Because of the strong similarity between the Ac-KCl 
and La~ KCI patterns and the fact that identical methods were used in the preparation 


‘*) R.N. Mutrorp, Los Alamos Scientific Laboratory Report, LA-1402, p. 17 (1952). 
8) A. Rossi, Nature, Lond. 134, 174 (1934). 
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of samples, it is believed that the two f.c.c. structures found in the actinium sample 
may be attributed to actinium metal (with ay = 5-311 A) and to actinium hydride 
(with ay = 5-670 A). The measured diffraction angles and observed line intensities 
for the Ac-actinium hydride—KCl diffraction pattern are presented in Table 2. 
Although the analysis of the La-lanthanum hydride-KCl diffraction pattern 
appeared to be quite certain, an experiment was performed to confirm the presence 
of 6-La and lathanum hydride in the sample. A portion of the La—lanthanum 


TABLE 2.— ACTINIUM—ACTINIUM HYDRIDE 





Indices Sin26 Relative intensities 


Actinium | Calc. actinium 
Obs. Calc.* Obs. Calc. (Ac) 


hydride | hydride 

111 0-:05514 0:05536 1-00 
0-06337 0-6310 
0-07396 0-07382 ] 0-51 
0-08383 0-08413 
0:1474 0-1476 , 0-39 
0-1684 0-1683 
0-2030 0-2030 
0-2311 0-2314 
0:3498 0-3506 
0-3682 0-3691 

531 0-6470 0:6459 





* Sin20 calculated with ag 5-311 A for Ac and ay 5-670 A for actinium hydride. 


TABLE 3.—X-RAY DIFFRACTION RESULTS 





Substance Crystal a (A) r, (A) 
structure 


3-La 6. 5-304 + 0-006 1-87 
Lanthanum 
hydride , 5-669 + 0-006 
Ac ; 5-311 + 0-010 
Actinium 
hydride 8. 5-670 + 0-006 








hydride-KCl sample was heated in hydrogen (H, pressure of 400 mm of Hg) for 
30 min at a temperature of 350°C. An X-ray diffraction pattern of this sample 
showed that all diffraction lines corresponding to 8-La had disappeared, whereas 
the lines corresponding to the hydride had increased in number and in intensity. 
Also the unit cell of lathanum hydride had expanded slightly. One may conclude, 
therefore, that metallic lanthanum in the sample reacted with hydrogen to form 
lanthanum hydride. 

The results obtained in the X-ray diffraction studies are summarized in Table 3. 
The table includes values of a, (the lattice constant), ro (the atomic radius), and 
d (the calculated density of the crystal). 





J.D. Farr et ai. 


DISCUSSION 


Although lanthanum hydride and actinium hydride were detected in metallic 
samples prepared by the reduction of anhydrous chlorides with potassium vapour, 
it must be noted that the source of the hydrogen is unknown. However, the samples 
were very small and lanthanum hydride and, presumably, actinium hydride are 
readily formed and are quite stable. Hence, only traces of hydrogen or hydrogen- 
forming impurities (KH in the relatively large quantity of potassium, for example) 
in the reaction system would be adequate to form the quantities of lanthanum 
hydride and actinium hydride, which were found. 

Lanthanum exists in two crystal forms, The low-temperature form (a-La) has 
a hexagonal close-packed structure, and the high-temperature form (6-La) has a 
f.c.c. structure. Since actinium and lanthanum are very similar, one would expect 
actinium to exist in corresponding «- and $-forms. Thus, one might conclude that 
the observed f.c.c. structure of actinium metal is 6-Ac, or the high-temperature’ 


form. 

Attempts were made to develop a method for the conversion of 6-La to «-La 
which could be adopted for the analogous conversion of 8-Ac to «-Ac. Since only 
a relatively small quantity of actinium was available and since the y-ray background 
of actinium samples increases rather rapidly, any such method should be relatively 
rapid and be adaptable to the small, mixed Ac-KCl samples. The experiments were 
based on the observations of ZINTL and NEUMAYER and of TROMBE and Foex‘?? 


and are summarized briefly below: 

(a) A low-temperature reduction was effected by treating an excess of LaCl, 
with liquid potassium metal at a temperature of 95°C. Lanthanum metal was produced 
in the beta form and no evidence was found for the presence of «-La. 

(b) A mixed sample of 8-La and KCI was slowly cooled from 380 to 150°C 
over a period of 8 hr. The lanthanum metal remained in the 6-form. 

(c) A mixed sample of 8-La and KCI was held at a temperature of 140°C. Inter- 
mittently, the sample was cooled and an X-ray diffraction pattern obtained. No 
change in the diffraction pattern could be detected after a total heating time of 
28 days. 

Since the efforts to effect the 8-La to a a-La conversion were unsuccessful, 
no attempts were made to prepare a low-temperature form of actinium. 

A paper by ZEIGLER et al.'8) describes a more complete study of the interconver- 
sion of «-La and 8-La. These workers found that the 8—>« conversion could be 
effected only by rather severe deformation of 8-La. Such deformation resulted 
from filing metallic lanthanum. These results confirm the more limited observations 
made in this laboratory. 


‘6) E. Zintt and S. Neumayer, Z. Electrochem. 39, 84 (1933). 

‘7) F. Trompe and M. Forex, C. R. Acad. Sci., Paris 217, 501 (1943). 

‘8) W. T. ZeiGterR, R. A. YouNG and A. L. FLoyb, Jr., J. Amer. Chem. Soc. 75, 1215 
(1953). 
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SUMMARY 


Actinium metal and actinium hydride have been prepared and their crystal 
structures determined from an analysis of X-ray diffraction patterns. Both structures 
were found to be face-centred cubic, with a, = 5-311 + 0-010 A for metallic 
actinium and a, = 5-670 + 0-006 A for actinium hydride. 

From analogy with the crystalline forms of lanthanum metal, one might identify 
the f.c.c. actinium as a high-temperature form of actinium ($-Ac). Attempts to 
develop a method for the preparation of a low-temperature form of actinium («- Ac) 
were unsuccessful. 

The actinium hydride was formed as an impurity in the preparation of metallic 
actinium, and was identified by the similarity of its diffraction pattern to that off 
lanthanum hydride which was formed as an impurity in a similar preparation od 
metallic lanthanum. The identity of the lanthanum hydride impurity was confirmed 
experimentally. 
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Abstract —For 99-7 weight per cent ethanol in water the transference number of chloride ion, 
tq, in lithium chloride decreases rapidly below a concentration of about 0-40 mole/I. It would have 
to decrease more rapidly at very low concentrations of salt in this solvent to check the value 0-56 
recorded in the literature for ¢, in 0-001 to 0-0025 molar solutions of this salt in ethanol. In water 
t, decreases rapidly with concentration of salt in dilute solutions of lithium chloride. The Hittorf 
transference numbers studied here in the strongly ethanolic solvent were limited to the concentra- 
tion range from 0-0714 to 06273 m. A discussion is given of the difference in water and strongly 
ethanolic solvents of the concentration dependence of f, and of ¢, for lithium chloride. 

At 1-60 weight per cent lithium chloride a linear decrease of f, with increased weight per cent 
ethanol was found. The causes of this increase of the relative mobility of Li*+ compared to Cl 
as the ethanol component of solvent increased is discussed. The grammes of solvent transferred 
from anode to cathode per faraday of electricity at 1-60 weight per cent lithium chloride has a sine 
wave-like-dependence on the weight per cent ethanol in the solvent. The frequency and the amplitude 
of the waves increased with increasing weight per cent ethanol. The shape of this curve is given con- 
sideration and alternate exchange of successive solvation layers of the Li* and Cl~ ions seems 
to be a plausible explanation. 


IN this series of studies, transport and solvation phenomena have been investigated 
for the ions of uranyl chloride and of silver perchlorate in water, water-ethanol, 
and ethanol solvents.” This additional study involves the transport and solvation 
phenomena of the ions of lithium chloride in water-ethanol and 99-7 per cent ethanol. 
The investigation of these phenomena for lithium chloride seemed of special interest 
since the lithium ion is small, has a high surface charge density, and is therefore 
highly solvated. The change in grammes of solvent in an electrode portion should 
be large during transference experiments owing to this large absolute and relative 
solvent carrying capacity of the lithium ion as compared to the chloride ion. 

The method chosen for the determination of transference and solvation data 
involved the use of an inert reference substance in a Hittorf transference measure- 
ment, since this method will give both transference and solvation numbers. The 
method is not as accurate as the moving boundary or electromotive force methods 


‘) D. M. MatHews, J.O. Wear and E.S. Amis, J. Inorg. Nucl, Chem. In press. 
'2) W.V. Cuitps and E.S. Amis, J. /norg. Nucl. Chem. In press. 
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(3, 4, 5) 


but has been used extensively , and Kortiim and Bockris® and also Gor- 


DON” state this is the best method for the simultaneous determination of trans- 
ference numbers and total solvation. 

Raffinose often used as an inert substance in water for salts which do not hydrolyse 
was not soluble enough in ethanol to use throughout the range of solvent mixtures 
used here. Therefore, «-methyl-D-glucoside was chosen as the inert because of its 
solubility in the solvents used and because of its commercial availability. 


EXPERIMENTAL 


The lithium chloride used was Fisher certified reagent with a purity of 99-98 per cent. The 
absolute ethanol used was 99-7 volume per cent ethanol. The a-methyl-D-glucoside was prepared 
by Nutritional Biochemical Corporation. The silver wire and all other chemicals were of reagent 
quality. 

The solvents were prepared by mixing the proper volumes of distilled water and ethanol allow- 
ing for the water already present in the ethanol. 

In solvents containing up to 60 volume per cent ethanol, solutions were prepared by dissolving 
42 g of a-methyl-D-glucoside and the amount of lithium chloride to give the desired concentration 
of the salt in the desired solvent and diluting quantitatively to 2 1. Above 60 volume per cent ethanol 
in the solvent, solutions were prepared similarly except, owing to its lesser solubility in alcohol- 
rich solvents, only 2i g of «-methyl-D-glucoside were used. 

Weights were calibrated against National Bureau of Standards weights and the thermometer 
againts a National Bureau of Standards thermometer. 

The transference cell, cell support, coulometers, sodium lamp, pycnometers, polarimeter, elec- 
trodes and constant temperature bath were similar to those described by MATHEWS et al.". 

Silver electrodes were used as both anode and cathode electrodes. Since hydrogen gas was given 
off at the cathode, this electrode was vented through an 8 mm glass tube and only the middle and 
anode compartments were used in transference and solvation determinations. This made it neces- 
sary to make duplicate runs at each concentration in order to check results. 

The clean cell was rinsed three times with about 25 ml portions of the solution to be used and 
then filled. The filled cell was placed in the water bath and thermostated at 25-00-+-0-0° until 
temperature equilibrium was attained prior to starting the flow of current. 

A current of 25 mA was passed through the thermostated solutions, except for the solutions 
having low lithium chloride concentrations in 99-7 volume per cent ethanol. In these cases the 
resistances were so high, that with our potential source only 10 mA could be passed. The electro- 
lysis was continued until about 0-01 faraday of electricity had passed through the solutions. This 
required about 10 hr for a current of 25 mA. 

The care exercised by MATHEWS ef’al."') was observed during all transference experiments to 
prevent vibrations which would have disturbed the solution in the cell. 

When the current had passed through the system for a sufficient length of time, the stopcocks 
were carefully closed so as to isolate the various compartments. The solutions from the compart- 
ments were transferred to separate ground-glass-stoppered Erlenmeyer flasks. The flask used for 
the anode compartment was previously tared. The portion of the anode compartment solution 


{3} E,W. WASHBURN and E. B. MILLARD, J. Amer. Chem. Soc. 37, 694 (1915). 

‘) M. TayLor and E. W. Sawyer, J. Chem. Soc. 2095 (1929). 

‘5) G. Davis, N. J. Hassip and M. Taytor, J. Chem. Soc. 2095 (1929). 

‘*)} G. Kortum and J. O. M. Bocxris, Textbook of Electrochemistry Vol. 2, pp. 672-675. Elsevier, 
New York (1951). 

(7) A. R. GorDon, Annual Review of Physical Chemistry Vol. 1, pp. 59-75. Annual Reviews, Inc., 
Stanford (1950). 
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which adhered to the cell walls and electrode was quantitatively washed into a beaker and its chloride 
content determined. From this chloride content and the grammes of chloride ion per gramme of 
undiluted solution in the anode compartment, the weight of solution which adhered to the walls 
and electrode of the anode compartment could be calculated. Thus after weighing the anode solution 
and flask, the total weight of anode solution was obtained. Clean, dry weight burettes were filled 
with the solutions to be analysed. Three samples of each solution, anode, middle and original 
were weighed and analysed for chloride by a standard procedure.) If the chloride content of the 
middle compartment solution differed from that of the original, the transference determination 
was discarded. 

The weights of silver deposited in the coulometers were determined as described by MATHEWS 
et al,‘ 

The difference in the concentrations between the middle and anode compartment solutions 
along with the total weight of the solution in the anode compartment and the weight of coulometric 
silver deposited were used to determine the transference numbers of lithium and chloride ions. 

In the case of the 99-7 per cent ethanol the original solution rather than the solution from the 
middle compartment was used as the reference of concentration due to some salting out of the 
a-methyl-D-glucoside at the cathode with an accompanying slight change in concentrations in the 
middle compartment. 

In all experiments the optical rotation of the solutions were measured at constant temperature 
with the polarimeter mentioned earlier using a photoelectric device developed in these laborato- 
ries for reading the angles of rotation. The accuracy and reproducibility of angles of rotation read 
on this istrument had been previously demonstrated on solutions of known concentrations of 
substances with well established angles of rotation. Ten readings were made on each solution and 
the average deviation from the average was calculated. If the average deviation was greater than 
0-002 circular degrees, the readings were discarded and another series of readings made. 

The weight per cent of ethanol in the solvents was acertained as described by MATHEws ef al." 

a-methyl-D-glucoside was tested in the various solvents to be used, and in ethanol containing 
solvents a slight lowering in rotation which was constant in amount per unit time was found. This 
slight change in rotation was independent of the amount of ethanol in the solvent and added lithium 
chloride did not influence the rate of change in rotation. The following data show the magnitude 
and constancy of the change of rotation: 


Time (hr) 0 24 48 72 
Rotation 4826 4-817 4-808 4-800 


Furthermore, it was proven that the electrode and middle portions after a run changed alike with 
time. Since the change in time was so slight over the length of a run and since this slight change 
in rotation of the electrode and middle portions canceled each other in the differences of rotation, 
which was the data really required, there was no error from this source in the use of «-methyl-D- 
glucoside as an inert substance. The change of rotation was attributed to the exchange of the methyl 
group of the inert substance with the ethyl group of ethanol, since there was no change in rotation 
if methanol was substituted for ethanol in the solvent. 


TREATMENT OF DATA 


The symbols used in this paper are listed below. The definitions of the symbols 


are also given. 


') W.C. Pearce, E. L. HAENISCH and D.L. Sawyer, Quantitative Analysis pp. 357-360. John 
Wiley, New York (1958). 

‘) D. M. MatuHews, R. Rars_e and E.S. Amis, A Photoelectric Device for Precise Polarimetry, 
Presented to the Research and Development Division of the United States Atomic Energy 
Commission, Oak Ridge, Tenn., for consideration of patent possibilities. 
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specific rotation of the reference material 
measured angular rotations at 25° of the solutions from the anode 
and middle compartments, respectively. 
= gramme ionic weight of the silver ion. 
= respective densities of the anode and middle compartment solutions. 
= number of faradays of electricity passed through the solution. 
fate respective fractions of the solutions that are lithium chloride in the 
anode and middle compartments. 
‘ molecular weight of lithium chloride. 
i % Hittorf transference number of the cation and anion, respectively. 
AG‘ gramme of solvent transferred from anode to cathode per faraday 
of electricity. 
ANE - number of moles of ethanol transferred from anode to cathode per 
faraday of electricity. 
AN}, - number of moles of water transferred from anode to cathode per 
faraday of electricity. 
ye per cents by weight of lithium chloride in the anode and middle 
compartment solutions, respectively. 
Hittorf transference numbers of the anion and cation, respectively. 
total mass in grammes of the solution in the anode. 
We,» Wag, = weight of silver deposited in the coulometer. 
Using methods already described,“ the Hittorf transference numbers of the 
anion and cation, respectively, and the grams of solvent transferred per faraday of 
electricity were calculated using the following equations: 


» Pe |) (1) 


100—P” 100—P7}/ 100W,,M, 


(2) 


tn a) |w 


= 
P Fo. 


AG* (3) 


In pure water and pure ethanol, the moles of solvent transported per faraday 
could be calculated by dividing equation (3) by the molecular weight of the solvent. 
This could not be done in the case of mixed solvents since no molecular weight 
could be calculated for the solvent in the solvation sheath. 

In Table 1 are recorded the data taken on lithium chloride in water as a check 
on procedure. The data given here agree well with the data recorded in the litera- 
ture.“ From this table the molecules of water at 25°C and in 0-408M solution 
carried per ion of lithium assuming the chloride ion carries four molecules of water 
are 14-3. The value recorded in the literature in 14-0 for 25°C and 1-3 N solution. 


(10) D. A. MAcInnes, The Principles of Electrochemistry pp. 85—93. Reinhold, New York (1939). 
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In the more concentrated solution the hydration would be expected to be 
somewhat less. 

MAcInnes and Beattie” give at 25°C 0-299 for the best value of the Hittorf 
transference number of the lithium ion for 0-30 mole of LiCl per 1000 g of water. They 
give the same value under the same conditions for the transference number by the 
electromotive force method. They give 0-293 for the number by the electromotive 


TABLE 1.— TRANSFERENCE AND HYDRATION NUMBER OF THE IONS 
OF LITHIUM CHLORIDE IN WATER AT 25° 





Solute LiCl 
Conc. 
(mole per 1000 g of solution) 0-4007 
14-064 
14-028 
1-01285 
1-01283 
1-6010 
1-6990 
115-6885 
9-388 x 10° 
0-710 
, 0-290 
f? 
ym 
i-f- 
14-041 
'—~y™ 
dmldg 1-00052 


1-00096 


l 
] 
ml 


ta (dm d,) 14-071 
18Fx,,, 2°373 
AN, 1-463 

H20/Li* 14:27 





force method for 0-50 mole LiCl per 1000 g of water. Their data show similar changes 
in the transference number of lithium ion by both methods as a function of the 
concentration of lithium chloride. Hence at 0-408M lithium ion the number would 
be 0:296 as compared to our value of 0-290 directly determined. 

In Table 2 are given at 25°C in 99-7 weight per cent ethanol the transference 
numbers of lithium and chloride ions at various concentrations of lithium chloride. 
In Fig. 1 it is seen that the transference number of chloride ion decreases at an 
accelerated rate as the concentration of lithium chloride decreases. This curve extra- 
polates smoothly to about 0°59. GRAHAM and Gorvon‘” found the transference 
number of chloride ion to be about 0-56 in solutions from 0-001 to 0-0025 molar 
which indicates this curve must drop more rapidly in dilute solutions than indicated 
in the figure and as it does in dilute solutions for water solvent as shown in Fig. 2 


(1) ED, A. MacInnes and J. A. Beattie, J. Amer. Chem. Soc., 42, 1117 (1920). 
(2) J, R. GRAHAM and A. R. Gorpon, J. Amer. Chem. Soc. 79, 2351 (1957). 
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taken from the data of MACINNes and Beattie“''’. The ethanol data was taken in 
the range 0-0714—0-6273 mole of lithium chloride per 1000 g of solution. No data 
could be feasibly taken beyond these points by the Hittorf method. Below the lower 
limit current has to be passed for too long a time since the resistance of the solution 
is so high and the upper limit is determined by the solubility of lithium chloride 
in 99-7 per cent ethanol. 








0-600 
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Concentrotion, moles of Concentration, moles of 
LiCL/ 1000g of solution L:C.A0G0g of solution 


Fic. 1.— Anion transference number versus moles Fic. 2.— Anion transference number versus 
of LiCl per 1000 g of solution in 99-7 weight moles of LiCl per 1000 g of solution in 


per cent ethanol. water from MAcINNes and BEATTIE. 


The transference number of chloride ion increases faster with increasing concen- 
tration of lithium chloride in 99-7 per cent ethanol than in water as can be seen by 
comparing Fig. 1 and Fig. 2. MACINNeEs and Beattie" explain their increase of the 
transference number of chloride ion in water as due to the formation of the LiCly 
complex. This could cause the increase of the number in ethanol. The increases on 
the other hand could be due to the increased viscosity of the solutions with increased 
concentration of lithium chloride. This would presumably cause a greater slowing 
down of the more highly solvated lithium ion. In support of this suggestion, we 
present in Fig. 3 the change of viscosity of lithium chloride siolutions in both water 
and ethanol solvents.'* It can be seen that the slope of the curve for the ethanol 
is much steeper than for the water just as the slope of the transference number of 
chloride ion versus concentration of lithium chloride is steeper in ethanol. Whatever 
the cause of the increased transference number of the chloride ion, and the consequent 
decrease in the transference number of the lithium ion with increased concentration 
of lithium chloride, it must be of great magnitude to reverse the expected relative 
trends in the two transference numbers due to increased concentration of the salt. 
Uticu'® reports 89 mole of water of solvation of LiCl in 0-1 normal solution and 


13) International Critical Tables (ist Ed.), Vol. 5, pp. 15 and 29 (1929), was the source of the data 


used in the plots of Fig. 3. 
“0 H. Uxicu, Z. Physik. Chem. A 168, 141 (1934). 
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18-19 mole of water of solvation per mole of LiCl in 1 N solution. This 18-19 
mole of water compare favourably with MAcINNes®, total of 18 mole of water 
by the lithium and chloride ions in 1-3 N solution (14-0 mole by the lithium ion 
and 4 mole by the chloride ion). The lithium ion in 0-1 normal solution would 
presumably carry a proportion of the 89 mole of water comparable to the 14:4 ratio 
in 1-3 N solution. Thus lithium ion loses an enormous amount of water of solvation. 
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Fic. 3.-—-Viscosity and hydration data for lithium chloride in the solvents indicated. 


dropping from about 69-14 mole in going from 0-1 N | to 1-3 N solution while 
the chloride ion in the same concentration range would drop from only about 20-4 
mole of water per gram ion. It would seem that the solvated lithium ion would 
decrease proportionally more in size than the solvated chloride ion. This would 
mean a relatively large increase in the mobility of the lithium ion compared to the 
chloride. This size effect, however, appears to be more than compensated for by the 
complex ion formation and/or by the viscosity effect described above. Actually 
the graph of total solvation of lithium chloride versus concentration of lithium 
chloride in water solution has about the same shape but inverse to that of the 
transference number versus concentration in water. Thus the effect may after all 
be a solvation effect. (See Curve 3, Fig. 3.) 
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The data used to interpolate points for Fig. 4 and Fig. 5 are listed in Tables 3 
through 9. In Fig. 4 a plot of the transference number of the chloride ion, t,, versus 
weight per cent ethanol at 1-60 weight per cent lithium chloride is given. In the 
interpolation to 1-60 weight per cent lithium chloride it was assumed that t, varied 
linearly with weight per cent lithiumi chloride over small ranges of concentration. 

















Weight per cent ethanol 


-Anion transference number versus per cent ethanol interpolated to 1-60 weight per 
cent LiCl. 


TABLE 3. —HITTORF TRANSFERENCE NUMBERS AND GRAMMES OF SOLVENT 
TRANSPORTED FROM THE CATHODE FOR LiCl SOLUTE IN 26°77 WEIGHT 
PER CENT ETHANOL 





Conc. LiCl mole per 


5608 5 of sahution 0-3282 0-3324 0-4771 0-4771 


18-621 : 10-897 10-616 
18-663 10-934 10-688 
1-02909 1-03220 1-31720 0-94902 1-74020 
102966 1-03177 1-31782 0:94969 1:73923 
9-542 9-566 | 12-213 8-800 16-126 
1-392 1-409 2-056 2-023 2-023 
1-333 1-358 1-936 1-926 1-848 
207-9019 231-7848 128-7672 113-0614 | 113-0565 
0-305 0-297 0-305 0-301 0-296 
0-695 0-703 0-695 0-699 0-704 
0-97393 . 0:98616 |  0-98616 
0-97354 ; 098559 |  0-98507 
PY 44-46 ’ 37-73 42-93 





This shows that t, decreases slightly and linearly from 0-71 to 0-68. The regularity 
of the data indicates that this is a real trend. The trend might be due to a slight 
relative decrease in size due to a change in relative solvation of the lithium and 
chloride ions; the lithium ion undergoing a somewhat relatively greater desolvation 
with increasing ethanol concentration and, therefore, experiencing a relatively 
greater increase in mobility. The solvation dependence on weight per cent ethanol, 
however, is very complex as shown by Fig. 5. The change of viscosity with changing 
ethanol content of the solvent would perhaps not cause the regular change observed 
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TABLE 4.—HITTORF TRANSFERENCE NUMBERS AND GRAMMES OF SOLVENT/ 
TRANSPORTED FROM THE ANODE TO THE CATHODE FOR LiCl SOLUTE IN 
55-02 WEIGHT PER CENT ETHANOL 





Conc. LiCl mole per 
1000 g of solution 035723 , 04271 
14-017 13-798 
14-038 13-813 
| 110385 | 109716 
101125 | 1:10210 1:10107 
9-352 10-224 10-188 
1-579 1-811 1-811 
1-504 | 1-711 1-707 
174-1708 | 118-9092 | 121-7876 
0-333 0-280 | 0-300 
0-667 0-720 0-700 
0-91662 0-92139 0-92139 
091611 092015 | 0-92011 


23-91 17:69 16°81 























Weight per cent ethanol 


Fic. 5.—Calculated grammes of solvent transferred from anode to cathode per faraday of elec- 
tricity interpolated to 1-60 weight per cent LiCl] plotted against per cent of ethanol in solvent. 


here since ethanol-water mixtures show a maximum in their viscosity curve in the 
50-60 weight per cent ethanol range. Nevertheless there is some factor that is tending 
to reduce slightly the mobility of chloride ion relative to the lithium ion as the 
proportion of ethanol in the solvent increases. 

Fig. 5 presents a plot of AG‘, versus weight per cent ethanol in the solvent at 


1-60 weight per cent (0-383 M) lithium chloride. The curve resembles a sine curve 
which increases in frequency and amplitude with increasing ethanol content of the 
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TABLE 5.—HITTORF TRANSFERENCE NUMBERS AND GRAMMES OF SOLVENT 
TRANSPORTED FROM THE ANODE TO THE CATHODE FOR LiCl SOLUTE 
IN 68-9 WEIGHT PER CENT ETHANOL 





Conc. LiCl mole per 
1000 g of solution 03524 0-3811 
13-377 13-350 
13-408 | 13-386 
0-99003 1-:03831 
0-99277 1:03911 
9-190 9-628 
1-494 1-616 
1-425 1-548 
184-6945 186-2021 
0333 0-316 
0-667 | 0-684 
0-88121 0-88121 
0-88077 0-88079 
46°55 47-64 








TABLE 6.—HITTORF TRANSFERENCE NUMBERS AND GRAMMES OF SOLVENT 
TRANSPORTED FROM THE ANODE TO THE CATHODE FOR LiCl SOLUTE 
IN 79-5 WEIGHT PER CENT ETHANOL 





) 
Conc. LiCl mole per 


1000 g of solution 0:3801 0:3801 
Lon 14-088 14-350 
Xt, 14-108 14-370 
Was, 0-96631 100600 
Wass 096570 100843 
F x 103 8-954 9-336 

1-611 | 1-611 
1-545 1-549 
174-4057 192-0613 
0-309 0-307 
0-691 0-693 
0-85489 0-85489 
0-85451 0-85447 
AG. 23-52 | 25-81 





solvent. MISHCHENKO"'* indicated that in 0-5 molar solution chloride ion had a 


hydration number of eight including both primary and secondary solvation shells. 
According to MaAcInnes"®) a hydration number of eight for the chloride ion would 
give a hydration number of twenty three for the lithium ion, and a total hydration 
number of thirty-one for lithium chloride. If this value is accepted at 0-5 N and 
if Uticu’s''*’ values of eighty-nine and nineteen are taken for the hydration number 


of LiCl in 0-1 and | N solutions, respectively, then the hydration number of LiCl 


5) K.P. MISHCHENKO, ZA. Fiz. Khim. 26, 1736 (1950). 
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TABLE 7.—HITTORF TRANSFERENCE NUMBERS AND GRAMMES OF SOLVENT 
TRANSPORTED FROM THE ANODE TO THE CATHODE FOR LiCl SOLUTE IN 
84:47 WEIGHT PER CENT ETHANOL 





Conc. LiCl mole per 
, 0:3645 0-3645 0-4320 0-4320 0:4320 
1000 g of solution 
Gis 6-968 6:968 14-423 14-423 
Oe 6:979 6°975 14-472 14-451 
Wag, 0-99237 0-99588 1-29587 1-29898 1-18016 
Was, 0:99377 0-99570 1-30119 1-30232 1-17954 
F x 103 9-205 9-231 12-037 12-056 10936 
1-545 1-545 1-832 1-832 1-832 
1-479 1-482 1-676 1-700 1-715 
193-4880 201-0665 94-1003 110-2997 109-8018 
0-335 0-325 0-290 0-289 0-282 
0-665 0-675 0-710 0-711 0-718 
dim 0-83532 0-83532 0-84089 0-84089 
da 0-83490 0-83487 - 0-83997 0-83888 


AGE 27:16 =| 21-88 , 29-16 32-02 





TABLE 8.—HITTORF TRANSFERENCE NUMBERS AND GRAMMES OF SOLVENT 
TRANSPORTED FROM THE ANODE TO. THE CATHODE FOR LiCl SOLUTE IN 
94-0 WEIGHT PER CENT ETHANOL 





oe 0:2476 0:3510 0-3510 03651 

1000 g of solution v ‘ 
6695 _ - 6-480 
6°727 — 6:506 
0:75526 1:04285 0:94863 1-11349 0-91213 
0-75630 1-04306 0-94841 1-:10911 0-91169 
7-006 9-668 8-792 10-301 8-453 
1-050 1-488 1-488 1-548 1-548 
0-994 1-400 1-411 1-466 1-490 

168-0341 145-0809 148-0609 173-0896 195-1522 

0-317 0-323 0-308 0-329 0-320 
0-683 0-677 0-692 0-671 0-680 
0-82068 : 0-82023 
0-81967 - — 0-81982 


al 128-980 | ; 89-080 





in 0-383 molal LiCl would extrapolate to a value of about thirty-eight of which 
about twenty-nine to thirty would be associated with the lithium ion and nine to 
eight with the chloride ion. See Curve 3, Fig. 3. 

Lithium ion has been found to have a primary solvation shell of four in water 
and four in ethanol,” and chloride ion a primary solvation shell of four in water. 


(16) 


(15) 


6) OQ. Ya. SamoiLov, Izv. Akad. Nauk SSSR, Otdel Khim. Nauk 398 (1952). 
(17) Osaka, Bull. Chem. Soc. Japan, 12, 177 (1937). 
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it has also been shown“® that lithium ion is preferentially solvated by water in 
water-ethanol solvents. 

With these facts in mind, the curve in Fig. 5 can possibly be interpreted as follows 
The mass of solvent transported into the cathode compartment by the cation 
increases at first due to the gradual exchange of some of the water for ethanol in the 
outer solvation shell of the lithium ion. This is reasonable since the lithium ion 
must have at least three shells of solvation in order to be surrounded by twenty- 

TABLE 9.—HITTORF TRANSFERENCE NUMBERS AND GRAMMES OF SOLVENT 


TRANSPORTED FROM THE ANODE TO THE CATHODE FOR LiCl] SOLUTE IN 
99-7 WEIGHT PER CENT ETHANOL 





Conc. LiCl mole per 
i 0-0714 0-3024 0-3040 0-3820 0-3820 
1000 g of solution 


_ | §-529 6-555 6-519 4-986 4-992 
oh 5-544 6-591 6-568 4-991 4-998 
Was, 0-65317 093985 0:94879 100251 1-08605 
Was, 0:65465 0:93658 0:94899 1-00399 1-08660 
F x 10° 6:06! 8-697 8-796 9-300 10-070 
0-303 1-282 1-289 1-620 1-620 
0-225 1-156 1-174 1-556 1-551 
125-5084 89-4998 104-8975 192-3280 171-6936 
0-383 0-311 0-326 0-315 0-281 
ta 0-617 0-689 0-674 0-685 0-719 
dn 0:79222 0:80053 0:80053 0-80247 0-80247 
da 079160 0:7997 0-80031 080204 0:80203 
AGeor 56-20 51:83 78-64 20-72 20-48 
ANE 1-22 1-13 1-69 0-46 0-45 





nine to thirty molecules of water, and the third shell of water around the lithium 
ion is probably not held as tightly as the second shell of water around the chloride 
ion. Although there are probably fewer molecules of ethanol in this third shell than 
there are molecules of water, the increase in molecular weight of solvent would 
cause an increase in grammes transported by the lithium ion. At about 27-0 weight 
per cent ethanol a maximum in the curve is reached followed by a minimum at 
55-0 weight per cent ethanol. The decrease in AG‘, above 27-0 weight per cent 
ethanol can be attributed to the beginning of exchange of water for ethanol in the 
second solvation shell of the chloride ion. 

After reaching a minimum due to the exchanging in the outer shell of the chloride 
ion, the lithium ion, upon further addition of ethanol, begins to exchange part 
of its second solvation shell of water for ethanol. This exchanging accordingly in- 
creases the value of AG, up to 69-5 weight per cent ethanol where the further 
exchanging of the water for ethanol around the chloride ion again becomes dominant 
and causes a decrease in the value of AG‘, up to 79-5 weight per cent ethanol. 

The final large maximum at 94-0 weight per cent ethanol could have arisen 
from the complete exchange of the solvation shells of the lithium ion, (i.e., the 


18) Y. Kopayasi, K. Toka and U. Miura, J. Sci. Hiroshima Univ. 9 A, 33 (1939). 
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lithium ion is completely solvated by ethanol.) The rather abrupt transition from 
minimum to maximum might be interpreted as the rather sudden complete solva- 
tion of the lithium ion with ethanol. This maximum, though high and abrupt, appears 
to be real since a run in a more dilute solution gave a much greater solvation, as 
is to be expected. 

While certain ions are preferentially solvated with water in water-ethanol sys- 
tems,® there is a region of ethanol composition above which even the inner layers 
of water apparently become subject to replacement by ethanol as has been shown 
by other considerations.” This is probably the case with lithium even in its inner 
solvation layer when the ethanol reaches the high weight per cents represented by 
this last large maximum. 

The final value at 99-7 weight per cent ethanol of AG‘), is again low. This point 
while reproducible, see columns 5 and 6 of Table 9, is not to be relied on too heavily 
since some sugar, in this ethanol rich solvent, came out at the cathode toward the 
last half of the time interval of the run. This would indicate an increase in concentra- 
tion of a-methyl-D-glucoside in that electrode portion to the extent that, in the 
region of the cathode, the solubility of the sugar was exceeded and the excess 
precipitated out. This could have resulted from the nature of solvation of lithium 
ion in the strongly ethanolic solution. Perhaps a-methyl-D-glucoside could not 
compete with water as a solvating agent of lithium ion. However, when the primary 
water sheath of lithium ion was broken, a-methyl-D-glucoside might have competed 
with ethanol as a solvating agent. The solvation of lithium ion by the sugar would 
cause it to be transported into the cathode portion, with a consequent relative 
decrease of solvent concentration in the cathode compartment as compared to the 
same compartment in the case of 94-0 per cent ethanol. Relatively the ion still carried 
an excess of solvent, so the value of AG*, was positive for the compartment as 
a whole. It was only in the immediate region of the cathode that the solubility of 
the sugar was exceeded. LonGsworTH™ and others have shown inert substance 
not to be completely inert. 

A similar explanation was given by MATHEWS et al." for the more regular sine- 
like curve found in the case of solvent transport by uranyl and chloride ions in 
uranyl chloride when the same solvent system was used. A sine-like curve is being 
found for similar data in the case of KCI in the same solvent system. 


ACCURACY AND PRECISION 


In the transference experiments the greatest source of error was in the analytical 
procedures. The estimated error in transference numbers does not exceed 2 per cent. 
The measured transference number of lithium ion agrees within 2 per cent with the 
value given in the literature. 


49) E.S. Amis, J. Phys. Chem. 60, 428 (1956). 

20) (a) L. G. LonGswortn, J. Amer. Chem. Soc. 69, 1288 (1947); (b) C. H. HALE and T. DeVries, 
J. Amer. Chem. Soc. 70, 2473 (1948); (c) P. Z. FisHer and T. E. Kovat, Bull. Sci. Univ. Kiev. 
No. 4, 137 (1939). 
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The precision obtained on the transference number measurements averaged about 
2 per cent as can be seen from the values of ¢, at equal or about equal concentrations 
of lithium chloride listed in the tables. 

The greatest source of error in the solvation determinations was in the measure- 
ment of the angle of rotation of the reference substance in the solution. The Rudolph 
Model 80 high precision polarimeter is reputedly accurate to + 0-002 circular 
degrees. This should have been improved by the use of the photoelectric device 
used in reading the angles. The average over-all precision is 16 per cent as can be 
seen from Tables 3, 4, 6, 7, 8, and 9 where AG‘, in each table is given for equal 
or nearly equal concentrations of lithium chloride. This average includes the large 
variation in AG‘, found in columns 3 and 4 of Table 9. These values were not 
discarded since the transference measurements proceeded smoothly and gave 
average precision in the ¢, values. Excluding these values the average precision is 
10 per cent. 

The calculated maximum errors of AG‘, by the method of partial diferentia- 
tion gave an average of 16-8 per cent, including the values of AG‘, in columns 3 
and 4 of Table 9. Excluding these two values, the average calculated error was 
13 per cent. Thus the calculated errors agree well with the precision. The value of 


14-3 for the solvation number of lithium ion recorded in Table | agrees well with 


the value of 14-0 recorded in the literature’ when the solvation number of chloride 
s taken as four. 

The precision and accuracy of the solvation data are somewhat better than the 
precision and accuracy of like measurements recorded in the literature.” The range 


of precision in the reference given is from 16 to 33 per cent. 
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UNTERSUCHUNG DES KONTAKTAUSTAUSCHES 
VON IONENAUSTAUSCHERN UNTER ZUHILFENAHME 
VON RADIONUKLIDEN 


E. BLasius und K. D. Beccu 


Anorganisch-Chemisches Institut der Technischen Universitat, Berlin 


(Received 6 April 1960) 


Zusammenfassung —Der direkte lonenaustausch zwischen zwei Austauschern wird als Kontakt- 
austausch bezeichnet, sofern das Arbeitsmedium nicht aktiv am Austauschvorgang teilnimmt. 
Er wird durch die Oberflachendiffusion der Jonen an den Ankergruppen verursacht und wird in 
den meisten Fallen durch die Diffusionsgeschwindigkeit der Ionen in der Partikel bestimmt. Abwei- 
chungen treten bei schwach gebundenen Ionen durch Hydrolyse der Salzform und dadurch her- 
vorgerufenen Elektrolytaustausch auf. 


Um Mischbettaustauscher ohne Trennung der Bestandteile regenerieren zu k6nnen, 
bedient man sich neuerdings des Kontaktaustausches. Unter diesem Vorgang wird 
ein direkter ITonenaustausch zwischen zwei Austauscherpartikeln durch Kontakt 
ihrer Oberflachen verstanden. Er unterscheidet sich damit eindeutig vom gewéhn- 
lichen Ionenaustausch zwischen Austauscher und Elektrolyt—hier als Elektrolyt- 
austausch"” bezeichnet—wo eine Ionenart immer in Lésung vorliegt. Als Ursache 
des Kontaktaustausches ist die Oberflachendiffusion der Gegenionen an den Anker- 
gruppen der Matrix anzusehen”?, so dass er ohne aktive Teilnahme des Arbeitsme- 
diums (z. B. Wasser) am Austauschprozess zustande kommen diirfte. Fiir die Klarung 
der Kontaktaustauschkinetik ist diese Einschrankung von grosser Bedeutung, da 
geringe Fremdionenkonzentrationen im Arbeitsmedium, hervorgerufen etwa durch 
Hydrolyse der Salzform des Austauschers sowie durch Peptisationserscheinungen 
u. a., die Austauschgeschwindigkeit beeinflussen k6nnen. 

In neueren Arbeiten®’ wurde die Kinetik des Kontaktaustauschvorganges 
untersucht und weitgehende Ubereinstimmung mit dem Elektrolytaustausch gefunden, 
so dass er nur als Sonderfall des letzteren betrachtet wurde. Die Verwendung schwach 
saurer und schwach basischer Austauscher, die in wassriger Lésung der Hydrolyse 
unterliegen, schrankt die Verallgemeinerung der gefundenen Gesetzmiassigkeiten 
jedoch erheblich ein. Dem Kontaktaustausch wird in diesem Fall durch Mitwirkung 
des Arbeitsmediums ein Elektrolytaustausch iiberlagert. Desgleichen wird der ge- 
schwindigkeitsbestimmende Schritt durch die Wah! der Austauscherkorngrésse be- 
einflusst und durch sehr feinkérniges Material in bevorzugte Richtung gelenkt. 


{) BE. BLastus, Chromatographische Methoden. Enke Verlag (1958). 

‘2) F, HELFFERICH, Jonenaustauscher. Bd. 1 (1955). 

‘8) C, KRISHNAMOORTHY und A. D. Desa, Soil Sci. 76, 107 (1953); 79, 160, 215 (1955); 80, 325 
(1956). 
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Die vorliegende Arbeit setzt sich daher zum Ziel, den Kontaktaustausch stark 
saurer bzw. stark basischer handelsiiblicher Austauscher mittlerer Kongrésse hin- 
sichtlich des Austauschvorganges, der Lage des Verteilungsgleichgewichtes und des 
geschwindigkeitsbestimmenden Schrittes zu untersuchen. Die Anwendung von Ra- 
dionukliden erlaubt eine experimentell iibersichtliche Verfolgung der Vorginge. 

Die Vorstellungen, die man sich iber das Zustandekommen des Kontaktaustaus- 
ches macht, sind aus der symbolischen Darstellung der Oberflachendiffusion ersicht- 
lich (Abb. 1). Danach oszillieren die Ionen an den Ankeigruppen des Austauschers 


Austouschergerus! 
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Symbolische Darstellung der Oberflachendiffusion 
(a) Elektrolytaustousch 
(b) Oberflachenwonderung 


(c) Kontoktoustausch 


Ass. 1. 


innerhalb eines gewissen Bereiches. Es besteht also keine starre Bindung, sondern 
die Ionen befinden sich in einem Kriaftefeld, das in komplizierter Weise aus 
Coulombschen-, van der Waalsschen- und Londonschen Kraften zusammengesetzt 
ist. Nahere Untersuchungen hieriiber liegen noch nicht vor. 

Der Mechanismus des Elektrolytaustausches wird aus Abb. la deutlich. Geraten 
namlich frei bewegliche Ionen in den Anziehungsbereich einer Ankergruppe, so 
findet ein Platzwechsel statt: das Gegenion am Austauscher wandert in die Lésung 
und das Lésungsion an die austauschaktive Gruppe. In ahnlicher Weise wird auch 
die Oberflachenwanderung (“migration”) und die Diffusion der Ionen in den Ka- 
pillaren des Austauschers erklart. Der Platzwechsel geht dort jeweils zwischen zwei 
im Harzgeriist benachbarten Ankergruppen vor sich (Abb. 1b). Der Kontakt- 
austausch ist in diesem Sinne nur noch eine Ubertragung auf zwei getrennte Aus- 
tauscherflachen (Abb. Ic), die nur soweit in Kontakt zu stehen brauchen, dass sich 
die Oszillierungsbereiche beider Ionen iiberlappen. 


‘) H. JENNY und R. Overstreet, J. Phys. Chem. 43 (1939), 1185; Soil Sci. 47, 257 (1939). 
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Ahnlich wie beim Elektrolytaustausch stellt sich auch beim Kontaktaustausch 
nach einer gewissen Zeit das Verteilungsgleichgewicht ein. Die rechnerische 
Ermittlung des Verteilungskoeffizienten K, geht in einfachster Weise vom MWG 
aus, ohne die komplizierenden Einfliisse wie Aktivitatskoeffizienten oder Donnan- 
potentiale zu beriicksichtigen. Da sich K, auch aus dem Quotienten der Selektivi- 
tatskoeffizienten entsprechender Elektrolytaustauschsysteme ergibt, muss er bei iden- 
tischem Austauschermaterial im Gleichgewicht den Wert eins annehmen. Bei Kennt- 
nis der Anfangskonzentrationen der Austauscherfraktionen kann man dann die 
Gleichgewichtsmenge Q.,, berechnen, die ausgetauscht wird. 

Fiir den Kontaktaustausch von Ionen gleicher Ladung gilt: 


{7 B, , (1) 


wobei die Indices f und g die feine und grosse Fraktion des Austauschers [_] mit 
der Ionenbeladung A und B in mval bedeuten. 
Im Gleichgewicht ist dann: 


(2) 


Daraus folgt fiir die im Gleichgewicht ausgetauschte lonenmenge | Q.. | bei identi- 


schem Austauschermaterial (K, = 1): 
A, ‘ 
= (3) 
| Ay 


aa 


Fiir den Kontaktaustausch von Ionen mit einer Ladung gegen solche mit zwei 


folgt aus: 


(4) 


wenn A das lon mit zwei Ladungen und B das mit einer darstellt, fiir den Gleich- 
gewichtszustand in vereinfachter Form: 


(5) 


Die Berechnung der im Gleichgewicht ausgetauschten Ionenmengen ist fiir 
Gleichung (5) etwas komplizierter. ZweckmAssigerweise bedient man sich zur Lésung 
der Gleichung dritten Grades des Newtonschen Iterationsverfahrens. 
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Ahnlich wie in einem Elektrolytaustauschsystem ist auch die Kontaktaustausch- 
geschwindigkeit von einigen Faktoren abhangig, u. a. von der Art des ausgetauschten 
Ions, von der Grésse der Austauscherpartikel und vom Arbeitsmedium. 

Ausgehend vom Elektrolytaustausch sei hier ein Austauschvorgang in seinen 
einzelnen Schritten nach Boyp") betrachtet: 

(a) Diffusion des Ions A durch die Lésung an den Grenzfilm der Austauscher- 
partikel. 

(b) Diffusion von A durch den Grenzfilm an die Partikeloberflache. 

(c) Diffusion von A in die Partikel hinein. Méglicherweise tritt eine zweidimen- 
sionale Diffusion des Ions langs der Kapillaren der Partikel auf. 

(d) Austausch zwischen A und B im Austauscher. 

(e) Diffusion von B aus dem Innern der Partikel an die Oberflache. 

(f) Diffusion von B durch den Grenzfilm. 

(g) Diffusion von B vom Grenzfilm in die Lésung. 

Wird durch intensive Riihrung die Diffusion durch den Elektrolyten (Schritt 
(a), (g)) als geschwindigkeitsbestimmender Schritt eliminiert, so kommen nur noch 
die Diffusion durch den an die Partikel grenzenden Film (Schritt (b), (f)), die Diffu- 
sion innerhalb der Partikel (Schritt (c), (e)) und der Austausch der beiden Ionen im 
Geriist (Schritt (d)) in Betracht. Untersuchungen von DickKeL und Meyer zeigen 
jedoch, dass eine bimolekulare Reaktion die Austauschgeschwindigkeit nicht be- 
herrschen kann, da sich die Geschwindigkeitsgleichungen der bimolekularen Reak- 
tion und der Filmdiffusion nur um einen Zahlenfaktor unterscheiden und bei 
kritischer Betrachtung nur dem Filmdiffusionsmechanismus eine physikalisch sinn- 
volle Deutung zuzusprechen ist. 

Die Gleichungen, die den Filmdiffusionsmechanismus beschreiben, leiten sich 
vom |. Fickschen Diffusionsgesetz ab und beziehen sich auf eine kugelférmige 
Partikel, die von einem diinnen Flissigkeitsfilm gleichmdssig umgeben ist. In der 
integrierten Form lautet die Endgleichung: 


Rt = In - We (6) 


Q,.—-Q, 
wo R den Filmdiffusionskoeffizienten, t die Reaktionszeit, Q, die zu dieser Zeit 
ausgetauschte Ionenmenge und Q,, die im Gleichgewichtszustand ausgetauschte 
Menge darstellen. Aus der Beziehung 
3D! 
BD ae antes (7) 
ro. Ary.k 


erkennt man die umgekehrte Proportionalitét zwischen R und ro, die als Kriterium 
der Filmdiffusion von Bedeutung ist. In Formel (7) stellt D' den Diffusionskoeffi- 
zienten der Ionen im Film, r, den Partikelradius, Ar, die Filmdicke und k den 
Verteilungskoeffizienten der lonen zwischen Harz- und Lésungsphase dar. 


‘S) G. E. Boyp, A. W. ADAMSON und L.S. Myers, J. Amer. Chem. Soc. 69, 2836 (1947). 
‘*) G. Dicket und A. Meyer, Z. Elektrochem. 57, 901 (1953). 
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Die Ableitung der Gleichung fiir den recht komplizierten Fall der Partikeldiffu- 
sion geht vom 2. Fickschen Diffusionsgesetz aus.‘ Der zur Zeit t erreichte Bruch- 
teil F des Verteilungsgleichgewichtes ist dann: 

an 


C ist der Partikeldiffusionskoeffizient, der durch den Ausdruck dargestellt wird: 
(9) 


D' ist der Diffusionskoeffizient der Ionen innerhalb der Partikel. Gleichung (8) 
wird meist in Form der Funktionsabhangigkeit F = 9(Ct) graphisch wiedergegeben 
(Abb. 2). Fiir jeden aus dem Experiment erhaltenen F-Wert wird der Kurve der 
zugehGrige Cr-Wert entnommen und durch die Reaktionszeit t dividiert. Aus dem 
so gewonnenen C-Wert kann bei Kenntnis des mittleren Partikelradius der Diffu- 
sionskoeffizient D' innerhalb der Partikel berechnet werden.'” 





1,0 
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| Darstellung der Funktion 























Wenn der Kontaktaustausch als Sonderfall des Elektrolytaustausches anzusehen 
ist, dann miissen die oben abgeleiteten Gleichungen in beiden Fallen Giiltigkeit 
haben. Welcher geschwindigkeitsbestimmende Schritt den Kontaktaustausch be- 
herrscht, kann durch Anwendung der Gleichungen (6) und (8) ermittelt werden, 
die fiir jede schrittweise Erreichung des Gleichgewichtes einen Koeffizienten R bzw. 
C liefern. Derjenige Koeffizient, der fiir verschiedene Kontaktzeiten konstant bleibt, 
gibt den Geschwindigkeitsmechanismus an. 

Auch aus dem Effekt, den eine Konzentrationsanderung der miteinander im 
Austausch stehenden Partikel bewirkt, kann geschlossen werden, ob der beherr- 
schende Vorgang Film- oder Partikeldiffusion ist. Wird in mehreren Versuchen das 
Volumen des Arbeitsmediums variiert und damit die Konzentration des Austau- 
schers, bezogen auf das Endvolumen der Suspension, geandert, so bleiben bei Par- 


(7) G. E. Boyp und B. A. SOLDANo, J. Amer. Chem. Soc. 75, 6091, 6099, 6105 u. 6107 (1953). 
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tikeldiffusion die ausgetauschten Ionenmengen fiir gleiche Kontaktzeiten konstant. 
Dagegen nehmen sie bei Filmdiffusionskinetik mit abnehmendem Volumen des 
Arbeitsmediums zu. Die Lage des Verteilungsgleichgewichtes wird jedoch dadurch 
nicht verandert. 

Ein weiteres Merkmal zur Bestimmung der Austauschkinetik ist die unterschied- 
liche Abhangigkeit der Koeffizienten R und G von Partikelradius. Eine genaue 
Auswertung dieses Kriteriums ist jedoch nur schwer zu verwirklichen, da durch 
Aussieben des Austauschermaterials nur annahernd gleiche Partikelgréssen erhalten 
werden. 

ARBEITSTECHNIK 


Fiir die Untersuchungen des Kontaktaustauschvorganges wurden Austauschermembranen der 
Sorte Permaplex A 10 verwendet, wahrend die Austauschkinetik am starkbasischen Dowex 2 x8 
und am stark sauren Dowex 508 ermittelt wurde. In allen Fallen wurden nur absolute Kapa- 
zitatsmengen eingesetzt. 

Nach Umladung in die entsprechende Beladungsform"’ wurden die Materialien bis zur Leit- 
fahigkeitsreinheit (~ 5 uS) gewaschen, um Austauscheffekte durch Hydrolyse oder Peptisation 
auszuschalten. Die Markierung wurde bei sparsamstem Nuklidverbrauch in der Weise vorgenommen, 
dass der Austauscher in der stark verdiinnten Lésung des entsprechenden Radionuklids suspen- 
diert wurde, bis sich bereits nach wenigen Minuten das Verteilungsgleichgewicht zwischen den 
Isotopen eingestellt hatte. Als Leitsisotope dienten 3®C1, 35S (als 35SO4?-), 2°*T1 und 45Ca, deren 
spezifische Aktivitat etwa 0,5 uC pro Gramm getrocknetem Austauscher betrug. 

Als Messeinheit fand die Kombination von Strahlungsmessgerat FH 49, automatischem Proben- 
wechsler und Zeitdrucker von der Fa. Frieseke und Hoepfner Verwendung. Als Zahlrohr diente 
ein Geiger-Miller Zahlrohr FHZ 15. 

Ein Kontaktaustausch zwischen zwei Austauscherfraktionen konnte nun in einfacher Weise 
an der Anderung der Nuklidkonzentration des markierten Austauschers quantitativ verfolgt werden. 


1. MECHANISMUS DES KONTAKTAUSTAUSCHES 


Die Untersuchungen wurden in der Weise durchgefiihrt, dass ein markiertes 
Membranplattchen von 22 mm @, entsprechend einer Austauschkapazitét von 
1-8 mval, unter Zwischenlage verschiedener Medien (Membranfilter, Ultrafeinfilter 


_ inoktive Membran 
Arbdeitsmedium P 





_- Zwischenmedium 
‘ 


‘eorerccmveccescccsecrestssesenvsscccord! 
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— 
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Kontak taustouschmodell 
an Austauschermembranen 


Abs. 3. 


und Filterpapier) mit Hilfe einer Federklammer auf ein inaktives Membranplatt- 
chen gepresst wurde (p ~20 g/cm*). Wie Abb. 3 zeigt, befindet sich die ganze An- 
ordnung in einem Al-Eloxalschélchen mit Reinstwasser als Arbeitsmedium. Bei 
langeren Kontaktzeiten wurde sie in einen wassergefiillten Exsikkator gebracht, der 
zusatzlich mit Reinstickstoff gefiillt war. 
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Weiterhin wurden Versuche ohne Andruck der Membranplattchen durchgefiihrt, 
um die Médglichkeit der Ioneniibertragung durch das Arbeitsmedium Wasser zu 
ermitteln. Einen Uberblick iiber die Membranaustauschversuche gibt 


TABELLE 1 


1-8 mval | 56CIl- = 1-8 mval | Cl- |, t = 3d 





Zwischenmedium Austausch (mval) 


Ohne Zwischenmedium 0,91 
Filterpapier 0,2 
Ultrafeinfilter (“feinst”) 0,09 
Membranfilter (“feinst”) 0,08 
Membranfilter — ohne Andruck 0,0 
Ohne Zwischenmedium — ohne Andruck 0,0 





Die Ergebnisse in Tabelle 1 zeigen, dass auch durch die verschiedensten Zwischen- 
medien hindurch ein Ionenaustausch zustande kommt. Eine geringe Aktivitat der 
Medien weist auf eine Vermittlung des Kontaktaustausches durch die Zwischen- 
medien hin, die hier selbst als Ionenaustauscher gewirkt haben. Diese Erklarung 
findet auch in den Versuchen “ohne Andruck” Unterstiitzung, bei denen kein Aus- 
tausch nachzuweisen war. Da Leitfahigkeits- und Aktivitaétsmessungen keine Frem- 
dionen anzeigten, kann auch eine Ioneniibertragung durch das Arbeitsmedium aus- 
geschlossen werden. In Gegenwart geringer Fremdionenkonzentrationen findet 
namlich ein Austausch auch ohne Kontakt beider Membranen statt. Eine Zugabe 
von 0-1 ml n/100 HCI zu 5 ml Arbeitsmedium bewirkt bereits einen merklichen 
lonenaustausch, der hier durch typische “Vermittlung” zustande kommt, dhnlich 
wie auch bei der Hydrolyse der Salzform des Austauschers. 


TABELLE 2 


2:2 mval | 2047)+ | => 2-7 mval | Na+ . t=15Shr 





| Austausch 


Versuch Arbeitsmedium (mval) F 


| 
| 
\ 


Reinstickstoff, getrocknet 0-04 | 0-03 
Unter Stickstoffdruck von 
4 mm Hg 0-01 0-01 
| Luft (70% rel. Feuchte) 0-07 0-06 
Athylazetat, wasserfrei 0-26 0-21 
Azeton, wasserfrei 0-37 0-31 
Methylalkohol, wasserfrei 0:37 0-31 
Reinstwasser 0-49 0-41 





In einer weiteren Versuchsreihe mit kérnigem Austauschermaterial wurde der 
Einfluss des Arbeitsmediums auf den Kontaktaustausch untersucht. 


Als Austauschsystem diente | 7T] + | / | Na* , in dem die grobe Kornfraktion 


diums, wie aus Tabelle 2 ersichtlich ist, in der in Abb. 4 dargestellten Apparatur 
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iiber eine konstante Zeit geriihrt. In den Versuchen mit organischen Lésungsmitteln 
als Arbeitsmedium wurde der Austauscher vor Versuchsbeginn langere Zeit mit dem 
betreffenden Lésungsmittel gewaschen, um anhaftendes Wasser zu entfernen. In 
der Tabelle 2 sind die unter verschiedenen Arbeitsmedien ausgetauschten Ionen- 
mengen und der Grad F des erreichten Verteilungsgleichgewichtes zusammengestellt. 





Tabelle 2 zeigt, dass in allen Fallen ein wenn auch zum Teil geringer Kontakt- 
austausch zustande kommt. Unter Luft und Reinstickstoff ist er wesentlich kleiner 
als unter Wasser und den organischen Lésungsmitteln, die untereinander auch wie- 
derum betrachtlich differieren. 

Die in den vorangegangenen Versuchsreihen erhaltenen Ergebnisse grenzen die 
Bedingungen ab, unter denen die Kinetik des Kontaktaustausches nunmehr unter- 
sucht wird. Zugleich geben sie eine Deutung des Austauschvorganges, der durch die 
Oberflachendiffusion der Gegenionen an den Ankergruppen verursacht zu werden 
scheint, sofern sich beide Partikel innerhalb eines kritischen Mindestabstandes 
befinden. So weisen die Untersuchungen mit organischen Lésungsmitteln als Arbeits- 
medien darauf hin, dass die unterschiedlichen dielektrischen Eigenschaften der 
Arbeitsmedien mit der Anderung der Bindungsverhaltnisse zwischen Ankergruppe 
und Gegenion auch die Oberflachendiffusion beeinflussen. 

Durch geringe Elektrolytmengen im Arbeitsmedium, wie sie bei der Hydrolyse 
schwach saurer oder schwach basischer Austauscher entstehen, wird der Austausch- 
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vorgang grundlegend geandert. Ein einfacher Elektrolytaustausch iiberlagert sich dann 
dem Kontaktaustausch und vermittelt auch zwischen denjenigern Teilchen einen 
lonenaustausch, die sich nicht innerhalb des kritischen Kontaktabstandes befinden. 
Echte Voraussetzungen fiir die Untersuchung der Kontaktaustauschkinetik sind 
nach allem nur dann gegeben, wenn nicht peptisierendes und hydrolysierendes 
Austauschermaterial und leitfahigkeitsreine Arbeitsmedien verwendet werden. 


2. KINETIK DES KONTAKTAUSTAUSCHES 


Zur Ermittlung des geschwindigkeitsbestimmenden Schrittes des Kontaktaus- 
tausches wurden mehrere Versuchsreihen durchgefiihrt, in denen die Beladung des 
kérnigen Austauschers nach Ionengrésse und Ladung variiert wurde. Fiir jeden 
Versuch bestimmter Kontaktdauer wurden etwa 500 mg der markierten Grob- 
fraktion (0-25—0-30 mm @) und etwa 1 g der inaktiven Feinfraktion (0-075-0-09C 
mm @), deren Kapazitéten bekannt waren, in trocknem Zustand eingewogen, 
24 Std. in Wasser vorgequollen und in der Kontaktapparatur (Abb. 4) intensiv 
miteinander verriihrt. Als Arbeitsmedium diente Reinstwasser, das bis auf ein be- 
stimmtes Endvolumen (100 ml) in die Kontaktblase gefiillt wurde. Nach Ende der 
Kontaktzeit wurde das Korngemisch durch Absaugen in den. Siebeinsatz getrennt, 
beide Fraktionen mit Azeton vorgetrocknet, bei 40° nachgetrocknet und vor der 
radiometrischen Messung 24 Std. unter 70% rel. Feuchte aufbewahrt. Bei langeren 
Kontaktzeiten wurde die Trennung des Korngemisches vorteilhafterweise in einem 
kleinen Schiittelsieb vorgenommen. Von der Auswahl der untersuchten Austausch- 
systeme gibt Tabelle 3 zunachst den Austausch von Anionen gleicher Ladung wieder. 


TABELLE 3 


(A) 1,25 mval | 36CIl- |= 2,42 mval Cl 





Kontaktzeit Austausch 


d-h-min (mval) F 





0—0—3 0,063 0,077 
0—9 0,085 0,103 
—1—22 0,214 0,26 
—3—14 0,377 0,41 
—7—25 0,542 0,66 
—10—40 0,657 0,80 
-15—0 0,755 0,92 
—0—0 0,825 1,01 





(B) 1,11 mval | 36C]- | = 2,6 mval | NO; 





0,064 0,081 0,035 
0,079 0,101 0,017 
0,120 0,154 0,011 
0,161 0,206 0,008 
0,472 0,605 0,004 
0,658 0,844 0,003 
0,783 1,003 oat 
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TABELLE 3 (Fortsetzung) 


| 
(C) 1,23 mval | 3®CI- | = 2,29 mval ; OH | 





0,072 0,090 0,0135 
0,096 0,120 0,007 
0,215 0,269 0,003 
0,231 0,289 0,002 
0,712 0,891 _ 
0,808 1,01 — 





(D) 1,23 mval | 26CI- | = 2,4 mval H2PO4- 





0,052 0,064 0,021 
0,151 0,185 0,017 
0,396 0,487 0,016 
0,540 0,665 0,016 
0,757 0,942 0,017 
0,811 0,997 — 





(E) 1,44 mval 35SO42- = 2,65 mval SO,2 | 





0,07 0,073 0,016 
(0,08) 
0,101 0,108 0,004 
0,110 0,116 0,003 
0,283 0,300 0,001 
0,655 0,700 

0,90 0,96 





(F) 1,44 mval | 35SO42- | = 2,3 mval | HPO4?- | 


0,051 0,011 
0,074 0,002 
0,082 0,001 
0,156 

0,88 





Ein Vergleich der Systeme mit einer lonenladung (A—D) zeigt, dass die Halb- 
wertsverteilung (F = 0,5) erst nach einer durchschnittlichen Kontaktzeit von ca. 
5 Stunden erreicht wird. Nur im System D, wo die eine Ionensorte schwacher an 
den Austauscher gebunden ist, stellt sich bereits nach wenigen Stunden das totale 
Verteilungsgleichgewicht ein. 

Kontaktaustauschsysteme der Ionen mit zwei Ladungen erreichen erheblich 
langere Halbwertsverteilungszeiten, im Mittel etwa 20 Stunden. 
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In allen Austauschsystemen (ausser D) bleibt der Partikeldiffusionskoeffizient C 
bei verschiedenen Kontaktzeiten nahezu konstant. Dagegen Anderte sich der Film- 
diffusionskoeffizient R kontinuierlich mit der Versuchsdauer, ausgenommen im Aus- 
tauschsystem D, in dem R konstant bleibt, wahrend sich C dndert. 

Die in der folgenden Tabelle 4 zusammengestellten Werte geben die Gleich- 
gewichtseinstellung beim Kontaktaustausch von lIonen_ gleicher Ladung 
wieder. 


TABELLE 4 





Kontaktzeit . Qeo Exp. 
System F : 
d. : |  berech. Q.. berech. 


12 0,825 0,822 1,005 
12 0,783 0,78 1,003 
12 0,808 0,813 0,997 
12 0,811 0,801 1,01 

15 0,900 0,813 0,962 
15 0,77 0,891 0,875 





Die folgende Tabelle 5 gibt die Austauschversuche von Anionen verschiedener 
Ladung wieder. 


TABELLE 5 


(G) 1,56 mval | 36C| | = 2,9 mval | S$O,42 





Kontaktzeit Austausch 
d—h—min (mval) 


0,091 0,098 
0,10 0,108 
0,119 0,129 
0,183 0,196 
0,295 0,319 
0,935 1,011 





(H) 1,56 mval | 36CI- | = 2,95 mval | HPO,2- 





0,058 0,063 0,022 
0,096 0,103 0,004 
0,157 0,169 0,002 
0,19 0,204 0,001 
0,36 0,388 ~ 
0,92 0,985 _ 
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Die Einstellung des Verteilungsgleichgewichtes in Austauschsystemen von 
Anionen verschiedener Ladung ist aus der folgenden Tabelle ersichtlich. 


TABELLE 6 





| 
Kontaktzeit Ono Qo exp. 

System F i 
- aa Qa berech. | 


1,01 
0,985 





Aus den Tabellen 5 und 6 wird deutlich, dass der Kontaktaustausch zwischen 
Anionen verschiedener Ladung langsamer verlauft als der zwischen Anionen glei- 
cher Ladung. Die Halbwertsverteilung (F = 0,5) stellt sich im Mittel erst nach 
einer Kontaktzeit von etwa 18 Stunden ein. 

Aus den letzten beiden Spalten der Tabelle 5 ist ersichtlich, dass keiner der beiden 
Koeffizienten R und C auch nur annahernd konstant bleibt. Bei C wird nach lange- 
ren Kontaktzeiten eine Annaherung an einen Grenzwert beobachtet. 

In gleicher Weise, wie beschrieben, wurde der Kontaktaustausch in kationischen 
Austauschsystemen untersucht. 

Austausch von Kationen gleicher Ladung: 


TABELLE 7 


ae | 
(J) 0,70 mval | 2°4T1+ | => 1,45 mval | Tl? 





Kontaktzeit Austausch 
d—h—min (mval) 


0,039 
0,089 
0,104 
0,151 
0,350 
0,461 





(K) 0,70 mval | 20TI+ | = 2,63 mval | H* | 





0,102 
0,110 
0,147 
0,217 
0,374 
0,528 








Untersuchung des Kontaktaustausches von Ionenaustauschern 


TABELLE 7 (Fortsetzung) 


(L) 1,21 mval | 45Ca2+ | = 2,25 mval | Ca2*| 





0,017 0,021 4,9 x 10-3 0,15 
0,063 0,079 2,5 x 10-3 0,20 
0,111 0,141 0,9 x 10-3 0,22 
0,439 0,555 0,4 x 10-3 0,21 
0,724 0,925 _ — 





Die zeigt die Gleichgewichtseinstellung beim Austausch von Kationen gleicher 
Ladung. 


TABELLE 8 





Kontaktzeit Qo Q~ " Qxo exp. 


System 
(a) exp. berech. Q.. berech. 


J 18 | 0,461 0,473 0,975 0.901 
K 18 | 0,528 0,553 0,954 0,771 
L 18 0,724 0,786 0,924 0,705 





Wie die Tabellen 7 und 8 zeigen, betragt die Halbwertsverteilungszeit fiir die 
beschriebenen Systeme etwa 10 Stunden. Der Kontaktaustausch von Kationen ver- 
lauft demnach langsamer als der von Anionen. Besonders lange Zeit fiir die Errei- 
chung der Halbwertsverteilung benétigen Kationen mit zwei Ladungen. 

Auf eine Darstellung der Kontaktaustauschversuche von Kationen verschiede- 
ner Ladung sei hier verzichtet. Die Ergebnisse bestatigen die Resultate der Anio- 
nenaustauschversuche mit Ionen verschiedener Ladung vollauf. 

Schliesslich seien noch die Versuche zur Bestimmung der Austauschkinetik 
nach dem Kriterium der Konzentrationsabhangigkeit beschrieben. 

Die Untersuchungen wurden an je einem System mit gleicher und verschiedener 
Ionenladung durchgefiihrt. Unter der Konzentration des Systems wird die gesamte 
austauschbare Ionenmenge einer Austauscherfraktion, bezogen auf das Volumen 
des Arbeitsmediums, verstanden. Die Konzentration, die mit a bzw. b bezeichnet 
wird, entspricht einem Verhaltnis von a bzw. b g Austauscher pro 100 ml Arbeits- 
medium. Analog sind die Konzentrationsangaben 4a, 4b usw. zu verstehen. Die 
Ergebnisse sind in der Tabelle 9 zusammengestellt. 


TABELLE 9 


anaes 
Austausch | 26cI- | = | Cl- , t = 30 min 





= Austausch 
Endvolumen Konzentration in 100 ml 


(ml) (mval) 
4a, 4b 0,36 
2a , 2b 0,33 
a,b 0,33 
a/2 , b/2 0,34 
a/4 , b/4 0,34 








. Biasius and K. D. Beccu 
TABELLE 9 Forsetzung 


Austausch | 56CI- |= ~ |, ¢=15 min 





0,075 
0,078 
0,078 
a/2 , b/2 0,076 
a/4 , b/4 0,075 





Nach Tabelle 9 ist sowohl der Kontaktaustausch von Ionen gleicher Ladung als 
auch der von Ionen verschiedener Ladung unabhangig von der Konzentration des 
Austauschers im Arbeitsmedium. Bei gleichen Kontaktzeiten wird unter verschie- 
denen Volumina des Arbeitsmediums anndhernd die gleiche Ionenmenge ausge- 
tauscht. 

TABELLE 10 





Austauschsystem D! x 107 (cm? sec!) 


Cl , 3,3 


Br 46 


5.4 


2,4 


0,9 


0,7 





0,2 


| Cast | Ba?* | 0,2 





Die vorliegenden Ergebnisse zeigen, dass beim Kontaktaustausch in den meisten 
Fallen ein Vorgang geschwindigkeitsbestimmend ist, der sich durch die Gleichung 
der Partikeldiffusion ausdriicken lasst. Da diese Gleichung fiir den Elektrolytaus- 
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tausch bei bestimmten Electrolytkonzentrationen aufgestellt worden ist, schliesst 
sich der Kontaktaustausch als Sonderfall an diesen an. Das gilt fiir den Kontakt- 
austausch von Ionen gleicher Ladung in anionischen und kationischen Systemen. 
Nur in Systemen mit Ionen ungleicher Ladung treten Abweichungen auf, obgleich 
das Kriterium der Konzentrationsabhangigkeit auf Partikeldiffusionskinetik hin- 
deutet. Dies lasst sich jedoch dadurch erklaren, dass das hier zweifellos wirksam 
werdende Diffusionspotential der Planck-Nernstschen Gleichung'2’ nicht in die 
angegebene Partikeldiffusionsgleichung mit eingeht. 

Ein unmittelbares Mass fiir die Austauschgeschwindigkeit ist der Diffusions- 
koeffizient der Ionen in der Partikel'”’, der sich nach Formel (9) aus C berechnen 
lasst. 








See 
SE*cu)/H,P0; 




















| Kontaktoustousch von 
| lonen giercher Ladung 
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Ass. 5. 





















































Kontakiaustousch in Abhanggxert 
i von der Ionentadung 
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Nach Tabelle 10 sind die Diffusionskoeffizienten von Kationen infolge ihrer 
starkeren Hydratation kleiner als die von Anionen und diejenigen von Ionen mit 
einer Ladung grésser als von solchen mit zwei. Fiir Austauschsysteme mit Ionen 
unterschiedlicher Diffusionskoeffizienten ergibt sich ein D‘, der zwischen denen der 
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entsprechenden Systeme mit reinem Isotopenaustausch liegt (in der Tabelle mit (X) 
gekennzeichnet). Diese entspricht durchaus der Planck-Nernstschen Bezichung,'?) 
die fiir unterschiedliche Ionenfliisse die Bedingung der Elektroneutralitaét durch 
Beeinflussung der Ionenbeweglichkeit erfiillt sieht. 

Fiir den Austausch von Ionen verschiedener Ladung kénnen aus den schon an- 
gegebenen Griinden keine Diffusionskoeffizienten ermittelt werden. Der Austausch- 
prozess befolgt nicht die Partikeldiffusionsgleichung (8). 

Grundsiatzlich treten Abweichungen von der Partikeldiffusion auf, wenn die 
Gegenionen nur schwach an den Austauscher gebunden sind, wie z. B. H,PO,. 
Dann wird die Austauschgeschwindigkeit durch den Filmdiffusionsmechanismus 
bestimmt. Diese Abweichungen, die auch bei schwach sauren oder basischen Aus- 
tauschern durch die Hydrolyse ihrer Salzform auftreten, sind dadurch zu erklaren, 
dass die ausgetauschten Ionen unmittelbar aus dem Arbeitsmedium stammen. Es 
handelt sich in solchen Fallen nicht um echten Kontaktaustausch. Entsprechend 
den Diffusionskoeffizienten der Kontaktsysteme erfordert die Einstellung des Ver- 
teilungsgleichgewichtes zwischen mehreren Tagen und vielen Wochen, wahrend es in 
Elektrolytaustauschsystemen bereits nach wenigen Minuten erreicht wird, wie auch 
von uns gezeigt werden konnte. In Abb. 5 und 6 wird von verschiedenen Kontakt- 
systemen unterschiedlicher Ionengrésse und-ladung die Abhdngigkeit der Gleich- 
gewichtseinstellung von der Kontaktzeit dargestellt. 


Die vorliegende Arbeit wurde im Anorganisch-Chemischen Institut der Technischen Universitat 
Berlin durchgefiihrt. Dem Direktor des Instituts, Herrn. Professor Dr. G. JANDER danken wir fiir die 
freundliche Unterstiitzung und Diskussion. Desgleichen gilt unser Dank der Deutschen Forschungs- 
gemeinschaft und dem Bundesministerium fiir Atomkernenergie und Wasserwirtschaft fiir die 
Bereitstellung von Mitteln. 





J. Inorg. Nucl. Chem., 1961, Vol. 18. pp. 79 to 87. Pergamon Press Ltd. Printed in Poland 


THE INFRA-RED SPECTRA OF PYRIDINE COMPLEXES 
AND PYRIDINIUM SALTS 


N. S. Girt, R. H. Nutrat_f, D. E. Scaire* and D. W. A. SHARP T 


tT Inorganic Chemistry Research Laboratories, Imperial College, London 


* William Ramsay and Ralph Forster Laboratories, University College, Gower Street, London, 
W. C. 1. (Present address: Chemical Research Laboratory, C.S.I.R.O., Melbourne, Australia). 


(Received 17 March 1960; in revised form 3 May 1960) 


Abstract—The main qualitative differences between the spectra of pyridine, co-ordinated pyridine 
and the pyridine ion are discussed and an assignment is made for all of the bands observed in the 
spectra of co-ordinated pyridine. In view of the small shifts observed when comparing the spectra 
of pyridine complexes, it is concluded that the electron density over the pyridine ring remains 
almost constant whatever the acceptor atom and it is suggested that back-bonding plays a part 
in the bonding of these complexes. Some of the N-H bands in the spectra of the pyridinium ion 
have been identified by deuteration and the spectra of this ion are discussed. 


THE infra-red spectrum of pyridine has been extensively studied and unequivocal 
assignments have been made for most of the observed bands ‘!:2-3) but the infra-red 
spectra of pyridine complexes—with which we include pyridinium salts—have 
received comparatively little systematic attention although o-phenanthroline and 
a, «'-dipyridyl complexes have been studied in some detail.'4) Pyridine complexes 
for which spectra have been recorded and discussed include indium, silver, nickel, 
and zinc salts;‘5’ boron and other light non-metallic acceptors; pyridine-boron 
trichloride and two pyridinium salts.{7) Accounts of parts of the infra-red spectra 
of other pyridine complexes have also been published.‘*-'*) BiceLLi™ considers that, 
apart from the splitting of some bands, the infra-red spectrum of co-ordinated 


{ C,H. Kune and J. Turkevicu, J. Chem. Phys. 12, 300 (1944). 
2) L. Corssin, B. J. Fax and R.C. Lorp, J. Chem. Phys. 21, 1170 (1953). 
‘3) J. K. WitmsHurst and H. J. BERNSTEIN, Canad. J. Chem. 35, 1185 (1957). 
A. A. ScHILT and R.C. Taytor, J. Inorg. Nucl. Chem. 9, 211 (1959). 
L. BIcELLI, Nuovo Cim. 9, 184 (1958); Istituto Lombardo, Rend. Class. Sci. (A) 92, 536 (1958); 
Ann. Chim. (Rome) 48, 749 (1958). 
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B. CHENON and C. SANDorRFY, Canad. J. Chem. 36, 1181 (1958). 
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J. P. CoLLMAN and H. F. Hoitzciaw, J. Amer. Chem. Soc. 80, 2054 (1958). 
R. A. ZINGARO and P.J. ToLBerc, J. Amer. Chem. Soc. 81, 1353 (1959). 
G.S. Rao, Naturwissenschaften 46, 556 (1959). 
R. Hume, G. J. LetcH and I. R. Beattie, J. Chem. Soc. 366 (1960). 


[79] 





80 N.S. Gitte et at. 


pyridine is very little different from the spectrum of pyridine itself, but GREENWOOD 
and WADE"’ record fairly major changes in the positions of some of the bands when 
comparing the spectrum of co-ordinated pyridine with that of the free base. We 
have recorded the spectra of a number of pyridine complexes and pyridinium salts 
with the aim of examining them for systematic changes on co-ordination and also 
for deciding whether there is any relation between the splitting of the bands and 
the structures of the complexes. 

We have found that there is a sharp difference between the spectrum of pyridine 
co-ordinated to elements other than hydrogen and the spectra of the pyridinium 
ion. Qualitatively, co-ordinated pyridine is usually readily distinguished from the 
free base by the presence of a weak band between 1235 and 1250 cm~!; by a shift 
in the strong 1578 cm~! band to 1600 cm~! (this band appears with a shoulder in 
the spectrum of the free base); and by shifts of the 601 and 403 cm- bands to 
625 and 420 cm~!, respectively. The ca. 1240 cm~—! band occurs also in the spectrum 
of the pyridinium ion but there are major changes when comparing pyridinium 
spectra with the spectra of other pyridine complexes. Intense bands occur at 3200 
or 2800, 1640, 1530, 1327, and 1250 cm~! in the spectra of pyridinium salts—there 
are no strong bands in these positions in the spectrum of pyridine. 


Pyridine complexes to metals 


The positions of the principal infra-red bands observed in the spectra (2000 to 
400 cm~!) of pyridine complexes are given in Table 1. Each band in the spectrum 
of pyridine is faithfully reproduced with only minor shifts or splittings in the spectra 


jo || 

















Absorption, 











besisiuaie 
—— J. MA ea _ 
900 700 500 


500 1300 100 
Frequency, cm’ 


Fic. 1.—Spectra of pyridine complexes and pyridinium salts. 
(A) Pyridine (as film); (B) Mnpy.Cl,; (C) (pyH),CoCl,; (D) (pyD)BF,. 


* Peaks due to fluoroborate ion 


of the complexes. The assignment of the various bands has been made by a straight- 
forward comparison (Fig. 1) between the spectrum of co-ordinated pyridine and the 
spectrum of the free base. To a first approximation the vibrations of pyridine co- 
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ordinated to a heavy atom will not involve the vibrations of the metal-nitrogen 
bond and this one-to-one correspondence is, therefore, to be expected and it should 
be possible to describe the observed bands in terms of the corresponding vibrations 
for free pyridine using the notation of KLINE and TuRKEVICH.") The appearance 
of the spectra of pyridine coordinated to light atoms’ are similar to those recorded 
in the present investigation although rather different assignments have been made. 
The main details of the assignments are given in Table | but a few points, particu- 
larly where we disagree with the assignments of GREENWOOD and WADE") call for 
special comment. Between 990 and 1217 cm~! there is a group of five strong bands 
in the spectrum of pyridine (see figure); there is then a gap, with only very weak 
bands, to 1436 cm—!. In the spectra of co-ordinated pyridine there is this same group 
of five bands, occasionally with slight splitting, and with an extra moderate to 
weak band between 1235 and 1250 cm~—!. In view of the general appearance of this 
main group of five bands we assign them on the basis of a one-to-one correspondence 
between the bands in co-ordinated pyridine and in the free base. On the assignment 
of GREENWOOD and WabDe"’ this group of bands is shifted to higher frequencies 
when pyridine is acting as a ligand. The ca. 1240 cm~! band which occurs in the 
spectra of pyridine complexes cannot be a metal-ligand frequency as it would not 
be expected near this value. It seems most likely that vibration 3, which is normally 
degenerate with vibration 9(a), has been altered in frequency so as to appear 
near to 1240 cm~! in the spectra of the complexes, or it is possible that it is either 
an overtone (2 x 6a; 2 x 620=1240) or a combination band (6a+-6b; 620+650-== 1270) 
which bas become activated. There are weak bands at 1350 and 1372 cm~! in 
the spectrum of pyridine and these are often observed, although with weak 
intensity, in the spectrum of co-ordinated pyridine. The assignment of the 
bands between 1570 and 1650 cm~! has offered some difficulty. In the spectrum 
of pyridine there are four bands at 1570(w), 1578(s), 1593(sh), and 1627 (w) 
cm~!, The 1593 cm~! band is a combination band (1 + 6a) and is enhanced in 
intensity by Fermi resonance with vibration 8a."!) We agree with GREENWOOD and 
Wape"”) in observing that this band either does not appear in the spectrum of co- 
ordinated pyridine or has become degenerate with the 1625cm~! band. The band 
at 1627 cm~! in the spectrum of pyridine is also a combination band (6a + 12 or 
1 + 6b); this band appears, although sometimes with reduced intensity, in the spec- 
trum of co-ordinated pyridine. The weak band at 1570 cm~! in the spectrum of 
pyridine occurs in almost the same position in the spectra of co-ordinated pyridine 
but the strong 1578 cm~! band is shifted to 1600 cm~! when pyridine is co-ordinated 
to a metal. GREENWOOD and Wape‘?) record that this band has moved to an even 
higher wave number in the spectrum of pyridine—boron trichloride and in this 
compound it seems to have become degenerate with or obscured the 1627 cm—! 
combination band. 

There are few systematic changes in the positions of the bands with changes in 
mass, electronegativity, or valency of the central atom or with changes in the other 
ligands. For the series of octahedral-bridged"!4) Mpy,X, complexes there is a regular 
(1) N.S. Grit and R.S. NyHowm, J. Inorg. Nucl. Chem. 
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TABLE 1. — INFRA-RED SPECTRA OF PYRIDINE AND PYRIDINE COMPLEXES* 





Assignment 


/1+6b) 
. |/1+6a| 8a 
| or | 
/6a+12) 


. Pyridine 1627. 1593 1578 
. Mnpy,Cl, 1632 1597 


Complex 


. Mnpy,Br, 1631 1599 | 
. Mnpy,l, | 1626 | 1592 | 
. Fepy,(NCS). 1632 1596 
. Copy,Cl, 1645 1604 

. Copy,Br, v.b. 1602 

. Copy,l, 

. Copy.(NCS), 

. Copy,(NCS), 

. Nipy,Cl, 

. Nipy,(NCS), 


Nipy,Br, 
. Nipy,l, 


. Cupy,Cl, 1570 | 1484 | | 1372 | no. | 1239 


_ Cupy,Br, 0. | 1568 | 1489 | 1363 | mo. | 1241 


. Cupy,(NCS), 1572 | 1487 | | 1383 | | 1238 
_ Cupy,(BF,)s 1576 | 1487 | 1362 | no. | 1238 


. Agpy.BF, | 1571 | 1480 n.o. 0. n.0. 
. Znpy,Cl, | 1575 | 1483 1400 | | 1248 
| | 1378 | 
. Znpyal; 0. | n.o. | 1482 | | 1380 1245 
. Znpy,(NCS), 0. | | no. | 1487 | | 1374 | no. | 1245 
23. Cdpy,(NCS), 1633 | 1570 | 1483 1363 | no. | 1235 
| | 
1572 | 1485 | 1391 | 1357 | 1237 


. Cdpy,(BF,), 1625 | | 
1615 | 1573 | 1490 | 1461 | no. | no. | 1252 


| 

i 

| 

| 

. Hgpy.(BF,). 1639 | 

* Assignments are based on the work of WILMSHURST and BERNSTEIN *3) using the notation of KLINE 

and TURKEVICH ‘!) n. o. not observed; v. b. very broad; sh shoulder. Thiocyanate and fluoroborate bands are 
not recorded. All figures in cm~!. 








The infra-red spectra of pyridine complexes 





Assignment 


601 | 403 

1076 | | | | | 625 | 417 

1076 | | | | | 628 | 424 

419 

1219 1170sh | 1069 | | 631 | 423 

1213 1144 1064 | | | 622 | 418 

1217sh | 1146 1066 1038sh_ | | | | 426 

1213, | 1035 | | | 416 

1222 1152 1082 1043 427 
| 1062 | | 

1214 1152 1064 | 418 





1214 | 1151 1064 423 
| ; | 415 
1217 | 1150 422 
418 
1218sh | 1148 
1214 
1220 | 1152 1017sh 
1013 
1215. | 1151 1010 











1223sh | 1145 | 1008 
1216 | 


1225 
1215 





1219 | 1041. | 167sh 
| | 756 
1223 | 1038 | | 751 | 640 | 439 


1217 | 1042 | | " 416 


1222 5 abeorbs here 633 | 433 


| 
1218 ; absorbs here | | 636 | 421 
1221 1164 1046 | | 637 | 417 
1156sh | PA | iam 
1219 1153 | 1042 635 | 420 
1218 1154 | 1047 | | | 641 | 422 
1214sh 1043sh | | 410 
1216 1149 | 1036 | | | 625 | 416 
| | | | 413 
1220 ; absorbs here | 622 | 412 


1228 BF; absorbs here | | 640 | 425 


| 
| 
| 
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trend in the position of the 625 and 420 cm~! bands (Table 2). The frequencies of 
these bands increase with decrease in ionic radius of the metal; the latter factor is 
proportional to the polarizing power of the metal ion. The other bands show no 
trends at all. The great similarity in the spectra when pyridine is co-ordinated to 
a wide variety of metal ions and non-metals is in favour of a similar electronic 
density ove: the ring system in all these complexes since, for benzene, changes in 


TasBLe 2.—SuHtFts IN 420 AND 620 cm~! BANDS WITH CHANGE 
IN CENTRAL METAL [ON* 





Metal Mn?+ Fe?+ | j2 2+ Zn?+ 


Mpy.X, 
octahedral 
Cl 625 
417 
Br 628 


422 





* All figures in cm™! 


the electron density in the aromatic ring produce wide differences in the observed 
spectra.'5’ Such a constant electror level over the pyridine ring can result from 
back bonding from the metal atom and would be in agreement with the great stabil- 
ity of «, «’-dipyridyl and o-phenanthroline complexes which is believed to be due to 
similar back bonding."!® Theie is no positive evidence for back bonding in the 
pyridine complexes!” but we believe that the observed infra-red spectra are best 
explained on the basis of this model. We have, rejected the alternative model in 
which the electron density is dispersed or increased by way of the metal ion from 
the other ligands by examining a series of complexes (Nos. 18, 19, 24, 25) in which 
pyridine is the only ligand. The spectra of these salts are once again similar to those 
of the other pyridine complexes. 

From a comparison with the values found for other metal-ligand bonds (MF in 
complex fluorides 400 cm ',“'8) M—C incyanides 500cm~',9) Pt—N in amines. 
540 cm ','20) Co—N in [Co(NH,)}3+ 575 cm~! '21) it would be expected that metal- 
nitrogen vibrations in pyridine complexes would occur well above 400 cm™'. We 
have not observed any bands which cannot be assigned to pyridine vibrations above 
400 cm~' and BiceLLt,'5) from an empirical relationship involving the C—N bonds 
in the pyridine ring, has predicted that the M—N frequencies would occur in the 
range 150 to 250 cm '. Double bonding of the type mentioned in the last paragraph 


(5) ‘L. J. Bettamy, J. Chem. Soc. 2818 (1955); R. D. Kross, V. A. FASSELL and M. MARG OSHES> 
J. Amer. Chem. Soc. 78, 1332 (1956). 

(6) R.S. NyHoim, J. Chem. Soc. 3245 (1951); F. BurstTatt and R.S. NyHowm, Ibid. 3570 (1952). 

(17) W. W. BRANDT, F. P. Dwyer and E. C. Gyarras, Chem. Rev. 56, 959 (1954). 

(8) R. D. Peacock and D. W. A. SHarp, J. Chem. Soc. 2762 (1959). 

@% VY. CactioTi, G. SARTORI and M. Scrocco, J. Inorg. Nucl. Chem. 8, 87 (1958). 

20) D. B. Powe.t and N. SHepparb, J. Chem. Soc. 3089 (1959). 

{21) H. Brock, Trans. Faraday Soc. 55, 867 (1959). 
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would be expected to strengthen these bonds but, if present, it does not appear to 
strengthen them sufficiently to give infra-red peaks above 400 cm~'. 

Well defined splitting of the 420, 620, 702, 748, 987, 1029, 1067, 1144 and 
1215 cm~' bands has been observed for certain of the complexes. This splitting 
has been related to the overall configuration of the complex”) but the splitting is 
as likely to be due to interaction between molecules in the unit cell, low lattice site 
symmetry for the complex, or slight rotations of the co-ordinated pyridine about the 
metal-nitrogen bond. The slight rotations are probably necessary to relieve steric 
strains in some complexes. In view of these other possible causes of splitting we 
consider that it is likely to be very difficult to relate splitting to the overall configura- 


tion of the complex. 


Pyridinium salts 

The spectra of pyridinium salts are very different from those of other pyridine 
complexes. Although the ion retains the same (C,,,) symmetry as pyridine the presence 
of an extra hydrogen atom on the nitrogen will increase the number of vibrational 
modes. Details of the infra-red spectia of the complexes studied in the present 
work are given in Table 3. 

Pyridinium salts have symmetrical N—H stretching frequencies near 3200 cm~! 
in non-hydrogen bonded salts and near 2800cm~! in hydrogen-bonded salts.‘22) 
Below 2000 cm~! the major differences between the spectra of pyridinium and 
pyridine derivatives are as follows. The bands at 1540, 1327, 1295 and 1250 cm~! in 
the spectrum of pyridinium fluoroborate do not appear in the spectra of pyridine 
complexes. The intensities of these bands are much reduced on N-deuteration (Fig. 1) 
and they must result from N—H deformation and combination modes involving 
N—H deformation frequencies. The wide splitting of these bands is similar to that 
observed for the symmetrical stretching frequencies.'*?) The strong band at 1640 cm ~! 
in the spectrum of pyridinium fluoroborate does not alter in intensity on deuteration 
but the 1600 cm~! band is split and reduced in intensity and must result from an 
N—H mode. We conclude that the 1640 cm -! band results from a vibration similar 
to that which produces a band at 1578 cm~ in pyridine (8a) and ca. 1600 cm~! in 
the spectra of pyridine-metal complexes. GREENWOOD and WADE record that this 
band occurs at 1624 cm —' when pyridine is joined to the light acceptor atom boron in 
pyridine-boron trichloride. The only major band that appears on deuteration is 
that at 1306 cm~ which may be the same band as that which occurs at 1600 cm ~! 
in the undeuterated salts (v,;/v) = 1-23). All of the other N—H bands would be 
expected to move under the fluoroborate peaks on deuteration. The band at 
1490 cm ~—! in the spectra of pyridinium salts is much stronger than the 1480 cm~! 
band in the spectra of other pyridine complexes but this appears to be only an 
enhancement in the intensity of the 1480 cm~! band in pyridine complexes. Between 
1100 and 650 cm ~! the spectra of pyridinium salts are more complicated than those 
of pyridine complexes. This is to be expected since this is the region of the spectrum 


(2) R.H. NuTratt, D. W. A. SHARP and T.C. Wappincton. J, Chem. Soc. in print 
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where C—H out-of-plane and in-plane frequencies occur ‘!:2-3) in the spectra of 
pyridine and benzene derivatives, and the presence of an N—H bond will increase 
the number of vibrations which will occur in this region. A more detailed assignment 
for the bands observed in the spectra of pyridinium salts is not possible at this 
Stage but, in general, with the exception of the N—H vibrations, we believe that 
the various groups of vibration—ring stretching and breathing, C—H out-of-plane, 
C—H in plane— occur with very similar frequencies in the spectra of pyridine and 
of pyridinium derivatives. 


EXPERIMENTAL 


All complexes were prepared by standard literature methods and were analysed for metal, car- 
bon, hydrogen and nitrogen. Pyridinium fluoroborate was prepared by hydrolysis of pyridine- 
boron trifluoride in 95 per cent ethanol'23), N-deuteration was effected by recrystallization of pyrid- 
inium fluoroborate from D 0. Since reduction of C-halogeno pyridines with zinc in D2SO4 under 
much more vigorous conditions gives specific replacement of halogen by deuterium *) it is unlikely 
that the present deuteration will affect the C-hydrogen atoms. 

Infra-red spectra were measured in Nujol or hexachlorobutadiene mulls using a Perkin-Elmer 
Model 21 spectrophotometer fitted with rock-salt or potassium-bromide optics. 
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Abstract—-The structures of complexes of the type M!! (Hal). 2 Pyridine have been investigated 
by a variety of physical techniques. Particular attention has been paid to the cobalt complexes 
which can exist in one or both of two isomeric forms. The factors which decide whether the tetra- 
hedral monomer or octahedral polymer form will be the more stable are discussed. By using various 
metals five different types of complexes of the above formula have been identified — (a) tetrahedral 
monomer; (b) octahedral polymer; (c) square planar moncmer: (d) tetragonal polymer; (e) (pre- 
sumably) irregular tetrahedral monomer. The influence of the electronic configuration of the metal 
and the effect of the ligand on the structure adopted are discussed. 


Most of the metals of the first transition series form complex compounds having 
the general formula M"X,. 2Pyridine, where X is a halogen or a pseudo halogen 


(e. g. — NCS) atom. Some of these compounds exist in two different forms which 
differ markedly in colour and in other physical properties. The best known example 
of this isomerism is provided by the compound CoCl, . 2Py which can exist at room 
temperature both as a violet (stable) form and also as a blue (unstable) modification. 
With some halogen (or pseudo halogen) atoms either the so-called violet or the 
blue form only have been prepared. Thus Col, .2Py is known only as the blue 
form whereas Co(NCS), . 2Py has been prepared only as the so-called violet form, 
at least in the solid state, since the blue form of the latter exists in certain solvents. 
Some years ago one of us (T. C.) set out to study the structure of the blue and violet 
forms of CoCl, . 2Py, there being considerable uncertainty as to these at the time. 
Whilst the investigation was in progress crystal structure studies on the violet form 
and on a related blue form provided strong confirmation of our conclusions but 
since there is confusion in the literature concerning the structure of complexes of 
the type M"X, . 2Py in general we widened the scope of the investigation to a study 
of complexes of this type as a whole. In particular, the effect on structure caused 
by varying the metal and the halogen atom have been investigated and the former 
is correlated with the number of non-bonding d electrons in the metal atom. In 
addition it has been found possible to interpret published work on similar types 
of complexes using other ligands. 


* Inorganic Chemistry Research Laboratories, Imperial College, London, S.W.5. 
t School of Chemistry, University of N.S. W., Broadway, Sydney. 
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Several obvious stereochemical arrangements are feasible for complexes of the 
type M"(hal), . 2Py. If the co-ordination number of the metal atom is four the pos- 
sible arrangements are square planar (cis or trans), regular tetrahedral and irregular 
tetrahedral (e. g. with a lone pair in the valency shell as in TeCl,). The co-ordination 
number six requires polymerization with a halogen bridge, a typical structure being 
as shown in Fig. 1. For a co-ordination number five a simple dimer is 


+2 





Fic. 1.—Structure of violet form of CoCl, . 2Py. 


required; such an arrangement is at least feasible for a complex of the type SnCl,. 
2ligand since the presence of a lone pair on the tin atom is expected to limit poly- 
merization beyond the dimer stage. In the above formulations it is assumed that 
the compound is a non-electrolyte since the structure [M"Py,]]M"X,] has the same 
empirical formula. 

As a background it is convenient to discuss first the structure of the two forms 
of CoCl, . 2Py. In 1894 it was shown that cobaltous chloride and pyridine react 
to form the violet CoCl, .2Py complex whilst the blue isomer was first prepared 
in 1927 by HANTZSCH') by treating a solution of the violet form in chloroform with 
petroleum ether. The blue form reverts to the violet on standing in air for a few hours; 
the change-over is autocatalytic, being accelerated by the presence of moisture. 
Before 1939 a number of other investigators'3’ had studied these two isomers using 


(0) F, REITZENSTEIN, Liebigs Ann. 282, 273 (1894). 

(2) A, HANTzSCH, Z. Anorg. Chem. 159, 273 (1927). ; 

(3) (a) E. G. Cox, A.J. SHORTER, W. WARDLAW and W.J.R. Way, J. Chem. Soc. 1556 (1937); 
(b) E. D. P. BARKworTH and S. SuGDEN, Nature, Lond. 139, 374 (1937); (c) D.P. MELLoR and 
B. S. Morris, J. Proc. Roy. Soc. N.S. W. 71, 536 (1938). 
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cryoscopic and magnetic measurements and also a partial single crystal X-ray 
examination of the violet form had been carried out. Conflicting conclusions were 
arrived at but MELLOR and CoryeELL"? on the basis of magnetic measurements alone 
appear to have been the first workers to suggest the correct structures. They suggested 
that on the basis of the colour, the blue form was a tetrahedral monomer both in 
the solid state and in solution and that the violet form was probably polymeric. 
Both forms were regarded as “ionic” (spin-free) containing three unpaired electrons 
but the implications of the difference in orbital contribution to the magnetic moment 
were not discussed. As recently as 1950, however, SipGwick‘S) favoured cis—trans 
isomerism in a square complex to explain the existence of two forms but he pointed 
out that the difference in the magnetic moments of the two forms was not easy to 
explain. It is now recognised that in any case square co-ordination would lead to 
one unpaired electron and not three as is observed. 

In our investigation the violet form was prepared by the method of REITZEN- 
STEIN'!), The compound was fairly stable for several months in a stoppered tube but 
a little loss of pyridine slowly took place. However, the compound absorbs moisture 
rapidly if freely exposed to the atmosphere, with rapid loss of pyridine under these 
circumstances. The solid blue form may be obtained from hot alcohol or by heating 
the violet solid at 120°C for several hours.“ It is also obtained by removing the 
solvent from a chloroform solution of the violet form leaving bright blue crystals.©” 
The preparation of the blue form as suggested by HANTZSCH"), involving precipita- 
tion of the compound from a chloroform or bromoform solution with petroleum 
ether is inconvenient because of the ease with which transformation to the violet 
form occurs. All preparations of the blue form reverted to the violet on standing 
but the transition is much slower in a dry atmosphere; this was confirmed by 
X-ray analysis. When soluble the blue and violet forms dissolve to give blue solutions 
in organic solvents, the absorption spectra being identical. The spectra in nitro- 
benzene of the complexes CoCl, .2Py, CoBr, .2Py and Col,.2Py are shown in 
Fig. 2. It may be seen that the extinction coefficients are very large when compared 
with the simple d-d bands observed in octahedral complexes. This behaviour 
parallels that shown by the [CoCl,]*~, [CoBr,’~ and [Col,?~ ions. The position 
of the maxima steadily move towards longer wavelengths as we pass from the 
chloride through the bromide to the iodide (as also occurs with the tetrahalides) 
presumably due to the fact that the crystal field strength decreases along this se- 
quence. Recently the spectrum of CoBr, . 2Py in bromoform has been studied and 
discussed by FERGUSON’ and the e¢,,,, values observed agree well with those given 
in Fig. 2 although there is some difference in the values of A,,,,. KATZIN has also 
reported the spectrum of CoCl,.2Py in various solvents but the values of 4,,,, 


‘) PD. P. Mector and C. D. Corye tt, J. Amer. Chem. Soc. 60, 1786 (1938). 

'8) N.V. SipGwick, Chemical Elements and their Compounds p. 1386. Oxford University Press 
(1950). 

{6) J. FerGcuson, J. Chem. Phys. 32, 528 (1960). 

7) L. I. Katrzin and E. Geert, J. Amer. Chem. Soc. 75 2830 (1953). 
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which he observed in benzene, chloroform, acetone and isopropyl alcohol also differ 
from those in nitrobenzene; log € values quoted were relative only. Reflexion spectra 
of the two forms of CoCl,.2Py, CoBr,.2Py and Col, .2Py have also been exam- 
ined.‘-7) The complexes dissolve in water with decomposition, the characteristic 
pink colour of the hexa-aquo cobaltous ion being observed. 
Molecular weight measurements in nitrobenzene and in chloroform 
form’ show that irrespective of whether one starts with the blue or the violet 


32 
©) and bromo- 


mt 


L 


20} CoBr2Py 





Fic. 2.—Absorption spectra of CoCl, . 2Py, CoBr, . 2Py and Col, .2Py, 00005 M in nitrobenzene 


form the solute is monomeric. In nitrobenzene the solute is a non-electrolyte. These 
data indicate the presence of a monomer [CoCl, . 2Py]° in solution and since there 
is no evidence for the existence of the violet form in any solvent the latter appears 
to be a polymer which breaks down on dissolution. (The formula [CoPy,] [CoCl,] 
can be excluded on the basis of colour and magnetic data.) 

To confirm the hypothesis of stereochemical change on solution the magnetic 
susceptibility of the blue and violet forms in the solid state and in solution have 
been determined. Data for the solid state agree in general with previous workers°” 
but the solution data are reported for the first time. As has been discussed else- 
where,'®) the magnetic moments of tetrahedral Co(II) complexes usually lie in the 
range 4-4—4-8 B.M., whilst those of octahedral complexes are higher (4-8—5-2 B.M.), 
the orbital contribution being larger in octahedral complexes. The expected yu, in 
tetrahedral complexes is increased above the spin only value of 3-88 B.M. by a facto , 


( + 4)) 


— owing to spin-orbit coupling. (In this expression A‘ is the effective spin- 


orbit coupling constant and A is the d,—d, separation). The value of A! is very 


‘s) B. N. Ficais and R.S. NyHoim, J. Chem. Soc. 12 (1954); 338 (1959). 
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much dependent upon the nature of the attached ligands. The data in Table | indicate 
that the violet form is an octahedral, presumably polymeric, complex and that 
the blue form is a tetrahedral monomer as originally proposed by MELLOR and 
CoryYELL"). Confirmation of this has been provided by X-ray studies. Dunitz™ has 
shown that the violet form has the structure shown in Fig. 1, involving bridging 
chlorine atoms. Support for the view that the blue form is tetrahedral may be 


TABLE 1.— MAGNETIC MOMENTS OF CoX,.2Py COMPLEXES* 





Mere (B.M.)(20°C) Mere (B.M.) (20°C) Colour 


Solid substance of Solid (in PhNO} solution) of solution 


CoCl,.2Py 
Violet 


CoCl,.2Py 
Blue 


CoBr2.2Py 
Blue 


Col2.2Py 
Blue 


Co(NCS)>.2Py 
Purple red 


Co Py2Br> . 2H20 


5 
Violet 4:56 Blue 





* For comparison the magnetic moments of the tetrahedral [CoCl4]? - [CoBrs]2 - and [Col4]2- ions are 4-69 
4-74 and 4-85 B. M. respectively, whilst those for the octahedral [Co(H2O)6]*+ and [Co(NH2)s]?+ ions are in the 
range 5-0-5-1 B. M. 
inferred from the fact that the blue compound Co, . 2Aniline is tetrahedral as also 
are Col, . 2p-toluidine Co, . 2p-toluidine and CoCl, . 2p-iodoaniline.® According 
to LYASHENKO"!!) the blue forms of CBrCl, . 2Py and CoBr, . 2Py are isomorphous. 
Finally Porat-Kosuits‘!2) refers to unpublished work which indicates that the blue 
form of CoCl, . 2Py is tetrahedral. 

It is now of interest to examine the properties of other cobalt compounds with 
the same general formula. The stable forms of CoBr, . 2Py and Col, . 2Py are blue 
and have moments which indicate tetrahedral arrangements (see Table 1). The violet 
forms of these two substances appear not to have been isolated. The low conductiv- 
ities of these compounds in nitrobenzene indicate that they are non-electrolytes in 


‘9 J.D. Dunirz, Acta Cryst. 10, 307 (1957). 

0) T_T. MALINOvSKI, Kristallografiya 2, 734 (1957). 

"1) M.N. LyAsHENKO, Kristallografiya 1, 361 (1956). 

(12) M.A. Poral-Kosnits, Zh. Neorg. Khim. 4, 730 (1959). 
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this solvent whilst the magnetic moments show that the compound is unchanged on 
dissolution indicating that it is tetrahedral. 

The properties of certain related compounds are of interest. The dihydrate 
CoPy,Br, . 2H,O is formed when CoBr, . 2Py is left in moist air. It is violet in colour 
Suggesting octahedral co-ordination in the solid state and this is supported by the 
magnetic moment of 5-0 B.M.; however, on dissolving this substance in nitrobenzene 
the moment falls to the value corresponding to tetrahedial co-ordination and the 
conductivity is small enough to indicate a non-electrolyte. The absorption spectrum 
in nitrobenzene is identical with that of tetrahedral CoBr, . 2Py showing that the 
two molecules of co-ordinated water are lost on dissolving the compound in nitro- 
benzene. 

It is of interest to compare the three halides in regard to their capacity to form 
six covalent derivatives. Whilst the dichloride forms both the violet octahedral and 
blue tetrahedral forms, the former of which is the more stable, the dibromide exists 
only as the blue tetrahedral monomer. It will, however, absorb two molecules of 
water and form an octahedral dihydrate. The di-iodide, however, neither forms an 
octahedral polymer nor will it absorb water to form a dihydrate. 

HANTZSCH'2’5) reports that Co(NCS), . 2Py exists in a “violet” stable form and 
gives the blue form in solution. The structure of this compound will be discussed 
in a later communication dealing with thiocyanates in general but in confirmation 
of the octahedral-tetrahedral transition we find that the violet form has a magnetic 
moment (5-1 B.M.) indicating octahedral co-ordination whereas in solution the 
moment (4-5 B.M.) is that expected for the blue tetrahedral form (See Table 1). 
Certain ammines e. g. CoCl, . 2NH; exist in two different forms, but it seems likely 
that here two different kinds of octahedral co-ordination occur. The two forms of 
the chloride are violet and pink respectively; both colours suggest octahedral co- 
ordination and this is supported by the fact that both have magnetic moments 
greater than 5-0 B.M.“!3) Similarly the bromides Co Br, .2NH, exists in two forms 
with magnetic moments greater than 5-0 B.M; these also presumably involve octa- 
hedrally co-ordinated Co". For the iodide, Col,.2NH, SipGwick‘S) reports that 
the blue form is the stable isomer; however, KLEMM and SCHUTH"!3) report the 
existence of two forms of moments 4-57 and 4-55 B.M. The existence of two forms 
in this instance may well arise from dimorphism for both appear to contain tetra- 
hedrally co-ordinated Co". 

It is suggested that these observations can be explained by assuming that the 
co-ordination number of the Co" atom is dependent upon the polarizability of the 
ligands. As developed elsewhere'!4), we believe that important as steric effects 
undoubtedly are on occasions, the most important factor deciding the co-ordination 
number of a metal atom is the polarizability of the ligand. It is considered that, 
in accordance with the Pauling Electroneutrality Principle, the metal takes up such 


3) W. KLemm and W. Scuutu, Z. Anorg. Chem. 210, 33 (1933). 
“1 N.S. Git, P. J. PAULING and R.S. NyHoim, Nature, Lond. 182, 168 (1958); N.S. Gitt and 
R.S. Nywoim, J. Chem. Soc. 3997 (1959). 
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a number of ligands as will reduce its charge to nearly zero. If the ligand is not 
readily polarized the charge transfer in each metal-ligand dative bond is relatively 
small and the larger of 2 possible coordination numbers is to be expected (e. g. Fe" 
prefers to form [FeF,}- with F ~ as ligand but [FeCl,]~- with Cl-). Then with Co" 
we can understand why H,O forms a [Co(H,O),]?+ ion whereas the more polarizable 
Cl- forms a [CoCl,]~ ion. In passing from pyridine to ammonia we go from a more 
to a less easily polarizable ligand and hence the tendency for co-ordination number 
six to arise can be understood. At the same time it must be borne in mind that ease 
of packing with NH, to form an octahedral complex might be an important factor 
also. Finally, the existence of the blue, low magnetic moment, presumably tetrahedral 
form of Col, . 2NH, as the stable form is apparently due to the greater polarizability 
of I~ over Cl~. It is thus apparent that Co(II) will form tetrahedral, or octahedral, 
or tetrahedral and octahedral complexes depending upon what ligand and what 
halogen atom is present. As has been pointed out earlier, colour must be used with 
caution in predicting stereochemistry. Usually one finds that octahedral comlexes 
are pink (e. g. [Co(H,O),]CI,) or violet (e. g. CoCl, . 2Py) whilst tetrahedral complex- 
es are blue (e.g. [PyH],CoCl,). However, the colour depends upon the ligand as 
well as the stereochemistry as is shown by the change of colour as one replaces 
water by ammonia. A much more important criterion of stereochemistry is the 
intensity of the absorption band, tetrahedral complexes having values about one 
hundred times those of octahedral. 

We now consider other metals in the first transition series. In Table 2 are listed 
the known complexes of type M"X, . 2Py formed by Cr", Mn", Fe", Co" and Ni! 
and Zn". The chloride, bromide and iodide have been investigated in most cases 
but certain complexes could not be prepared (see notes to Table 2). The complexes 
have been examined, using X-ray powder photography, by Mr. P. PAULING. He 
finds that the powder photographs divide these into three classes. In Class A we 
have FeCl, . 2Py, violet CoCl,.2Py, MnCl, .2Py, MnBr,.2Py and NiCl, . 2Py. 
These are obviously octahedral polymers. Class B has a powder pattern not very 
different from Class A and includes CrCl, .2Py, CuCl, .2Py and CuBr, . 2Py. 

Dunitz”) has determined the structure of CuCl, . 2Py by X-ray studies of single 
crystals. He has shown that the structure is similar to that of violet CoCl, . 2Py 
(see Fig. 1) except that two of the Cu—Cl bonds are considerably longer than the 
other two (3-05 A) as compared with 2:28 A). As may be seen from Figure 1, the 
difference between this tetragonal type of complex and the almost regular octahedral 
ones (Class A) is simply a matter of distortion along the z axis. By suitably elongat- 
ing the bonds along this axis we pass from an octahedral to a tetragonal structure. 
This distortion is characteristic of Cu" complexes and has been observed in most 
Cu'' complexes studied so far. It is related to the d? non-bonding corfiguration of 
the copper atom; ad°d., 7d,» _,. ground state is expected to give rise to tetragonal 
arrangement of the ligands. A similar situation is expected for d* complexes if the 
electronic configuration is d?d',. This occurs with chromous complexes and it is 
indeed found that whilst CrCl, . 2Py and CuCl, .2Py are not strictly isomorphous 
they have very similar X-ray powder patterns. This appears to be the first complex 
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compound of bivalent chromium for which the expected tetragonal or square planar 
arrangement has been demonstrated. Unfortunately the chromous complex under- 
goes oxidation unless air be vigorously excluded. Nevertheless the determination of 
Ue ON a fairly pure specimen, or one containing some Cr for which allowance 
has been made, leads to a moment of 4:98 B.M., calculated using 


err = 2°84V[7,,(T—9)], 


in good agreement with the expected value for four unpaired electrons. 
A large 6 value (-~40°) is observed which will be discussed in a later communication 
dealing with a more detailed study of these chromous compounds. Finally in Class 
C we have blue CoCl, . 2Py, CoBr, . 2Py, Col, .2Py, ZnCl, . 2Py and Znl, . 2Py. 
These are clearly tetrahedral. It is of interest to note that of the above metals a regular 
tetrahedral arrangement is feasible for Mn"(d*), Co'(d’) and Zn"(d"°). The failure 
to observe tetrahedral co-ordination with the manganese complexes is presumably 
due to the low electronegativity of the Mn" atom which favours six-co-ordination. 

It is of interest to compare the stereochemistry of the metal atom in complexes 
of the type MX,. 2Py with that in the anionic complex ions [MCI,]? —4. Whilst 
the [MnCl,}’~, [CoCl,?~ and [ZnCl,]’~ ions are tetrahedral as expected and the 
[CuCl ,}*- and [CrCl,?~ ions are different from these, both the [FeCl,]*~ and 
[NiCl,}*~ ions are also tetrahedral. The lower co-ordination number in this case 
leading to a tetrahedral arrangement is apparently due to the higher polarizability 
of the ligands. 

Finally we refer to complexes of the type MCI, .2Py formed by metals other 
than those of the first transition series. Of elements in the second and third series 
only Pd" and Pt" need be considered. Both PdCl, . 2PyS) and PtCl, . 2Py!6 are 
monomeric and are undoubtedly square planar. In Group IIA beryllium forms 
BeCl, . 2Py17); this undoubtedly involves a tetrahedrally co-ordinated Be" atom. 
Both CdCl, . 2Py"® and HgCl, . 2Py"!% are known. According to McCONNELL'0) 
the former is isomorphous with the violet form of CoCl, . 2Py and hence octahedral. 
There is disagreement as to the interpretation of the X-ray data for HgCl, . 2Py. 
Dunitz" proposed that it is isomorphous with CuCl, .2Py and hence tetragonal 
whereas GRDENIC and KRISTANOVIC'2!) prefer to regard the compound as consisting 
of linear HgCl, units with pyridine of crystallization. It appears that the two structures 
involve differences in degree rather than of kind. 

In Group IVA Sn™(22) and Pb'(23) form MCI, . 2Py derivatives but the crystals 
are not isomorphous with any of the previously investigated types. This is under- 


{46) F, Krauss and F. Bropkors, Z. Anorg. Chem. 165, 73 (1927). 
(16) A. HANTzscH, Ber. Dtsch. Chem. Ges. 59, 2761 (1926). 

7) R. Fricke and F. RuscHHAupt, Z. Anorg. Chem. 140, 112 (1925). 
8) W. LANG, Ber. Dtsch. Chem. Ges. 21, 1578 (1888). 

(9) A. Pesci, Gazz. Chim. Ital. 25, 429 (1895). 

(20) J. F. MCCONNELL. Private communication. 

{81) PD. Grpenic and I. KristaNovic, Ark. Kemi 27, 143, (1955). 

(22) H. STEPHEN, J. Chem. Soc. 127, 1874 (1925). 

(23) G. W. Herse, J. Phys. Chem. 16, 373 (1912). 
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standable since these bivalent atoms have a lone pair of electrons in the valency 
shell. If monomeric, one expects a dist’ ed tetrahedral arrangement based upon 
the assumption that the lone pair occupies one of the trigonal positions in a trigonal 
bipyramidal arrangement. If dimeric, each metal atom will be five covalent, the 
stereochemistry being based upon an octahedron, a lone pair occupying one of the 
six positions. Unfortunately molecular-weight measurements to enable us to distingu- 
ish between these are not practicable. 


TABLE 2.— COMPLEXES OF FIRST TRANSITION SERIES 





No. of non- Magnetic 
bonding d Compound Colour moment of 
electrons solid 


Stereo- 
chemistry 


CrClz.2Py 4-66 


CrBr2.2Py 4-43 tetrahedral 


MnCl2.2Py i 5-89(24) 


MnBr2.2Py | octahedral 


FeCl .2Py yellow 5: octahedral 


violet . octahedral 
CoCly -2Py . a 

blue ; tetrahedral 
CoBr2.2Py blue g | tetrahedral 


Col, .2Py green-blue ; tetrahedral 


NiCl,.2Py yellow-green 3° octahedral 
CuCh. blue 85 | tetrahedral 
CuBr2.2Py green : tetrahedral 
ZnClz.2Py white diamag. tetrahedral 


ZnI4.2Py white diamag. tetrahedral 





(24) R. W. ASMUSSEN, Symposium on Coordination Chemistry p. 27, Copenhagen (1953). 
Also prepared: Mnpy4Iz; Nipy,Br2; Nipy4l2 


FeBr2 +pyridine appears to give Fepy,Br2 (yellow) which continuously loses py and analysis 
figures were between those for Fepy4Br2 and Fepy2Br2 . Loss of py does not stop at Fepy2Brp. 

Fel,+ pyridine gave a compound which continuously loses py and final analysis fitted 
no definite formula but contained not more than 1 py—it appears that what happens is Fepy¢ I> 
(yellow) > Fepy4I2 (brown) > finally brown compound containing 1 py per Fe. Crpy2Br2—not 
analysed but very similar to Cl compound. 
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EXPERIMENTAL 


All compounds but one have been previously described, some a number of times, and therefore 
the analyses are not reported. They were prepared by reacting the metal halide (1 mole) with pyridine 
(2 moles) in ethyl alcohol and recrystallized from ethyl alcohol when possible. The exceptions were 
bis-pyridine dibromo manganese(II), bis-pyridine dichloro chromium(Il), bispyridine dichloro 
nickel(II) which were not recrystallized, the manganese complex undergoes slight oxidation when 
recrystallized; bis-pyridine dichloro copper([I) was recrystallized from dimethylformamide. 
Bis-pyridine diaquo dibromo cobalt(11). On standing in air, bis-pyridine dibromo cobalt(II) took up 
two molecules of water and became violet in colour. The water could be removed on standing in 
a desiccator over a drying agent. (Found: C, 29-1; H, 3-5. Calc. for C;9H;9Br2CoN> . 2H20: C, 
29-1; H, 3-4 per cent). 

Magnetic susceptibilities were determined by the Gouy method.'*®) Absorption spectra were 
obtained with a Unicam SP—500 spectrophotometer. 


Acknowledgement —One of us (N. S. G.) acknowledges the award of a Turner and Newall Research 
Fellowship at University of London and held at University College where this work was carried 
out. 
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THE MASS SPECTRUM OF STANNANE* 
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Abstract—The mass spectrum of stannane, SnH,, has been studied. Ion fragmentation patterns 
for both the singly and doubly charged fragments were obtained employing 70 V electrons. From 
appearance potential data, an estimation of the bond energies of the tin-hydrogen bond in the 
ion-species SnH; -H, SnH; -H, SnH’-H, Sn’-H has been made along with AHy for SnHg. 
The studies were first made with tin of normal isotopic abundance, and then the results were corrob- 
orated with SnH, prepared with the separated isotope !2Sn. 


THE existence of stannane was first demonstrated by PANETH’” who prepared it 
in very small quantities. Other preparations® have been reported but these in- 


volved low yield procedures. Recently, however, SCHAEFFER and EmiLius™ prepared 


the compound by the reduction of stannous chloride in hydrochloric acid solutions 
by means of sodium borohydride with yields reported to be up to 84 per cent. Since 
very little is known about the thermochemical properties of this volatile hydride, 
a mass spectrometric study was initiated in an attempt to elucidate some of these 


properties. 
EXPERIMENTAL 


Some difficulty was experienced during the initial attempts to prepare SnH4 by the borohydride 
reduction as given in the report by SCHAEFFER and Emitius.'*) The order and manner of mixing 
the reagents turned out to be very important if reproducible results were to be obtained. Accord- 
ingly, only when a solution of SnCl, in HCI was added dropwise to an aqueous NaBHsg solution 
were results obtained comparable to those claimed above. This was especially true if a small amount 
of HNO; were present. The SnCl, solution was prepared by dissolving approximately 55 mg of 
Sn in 50 ml of 0-6 N HCI and then adding 2 drops of conc. HNO3. This solution was then added 
to a 10 per cent NaBHyg solution. The SnH4 produced was swept from the reaction vessel by means 
of a stream of N>. The products were first passed through a trap at —22-6°C to remove the water 
vapour and then condensed in a liquid N>- cooled trap. The SnH4 was subsequently distilled from 
the condensed products by allowing the liquid N>- cooled trap to warm to —112°C. The SrH,4 
obtained by this procedure could be stored in a clean glass vessel for as long as 20 days. This finding 
is in agreement with the stability observed by SCHAEFFER.) 

The mass spectrometer available for this investigation and the method of obtaining and plott- 
ing the appearance potential data have been described.‘ 


* Contribution No. 854. Work was perform2d in the Ames Laboratory of the U.S. Atomic 
Energy Commission. 
’ F. PANETH and K. FUrtn, Ber. Dtsch. Chem. Ges. 52, 2020 (1919). 
F. PANETH and E. RasinowitscH, Ber. Dtsch. Chem. Ges. 57 B, 1877 (1924). 
) F. PanetuH, Z. Electrochem. 29, 97 (1923). 
*’ G. W. SCHAEFFER and Sister M. Emitius, J. Amer. Chem. Soc. 76, 1203 (1954). 
» G. W. ScHaerrer, St. Louis, Missouri. Private communication (1958). 
‘) G. D. Fresco and H. J. Svec, J. Amer. Chem. Soc. 81, 1787 (1959). 
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The mass spectrum of stannane 
RESULTS AND DISCUSSION 


Fragmentation patterns 

The fragmentation patterns of SnH, were determined at an electron accelerating 
voltage of 70 V, an ionizing current of 200 wu a and an ion accelerating voltage of 
1600 V. The mass spectrometer employed in these measurements did not use a 
repeller electrode. The ions were extracted from the electron gun by means of drawing- 
out electrodes which consisted of two half-plates, one at approximately 160V and 
the other about 190 V below shield potential. Electrostatic scanning was employed 
over the short mass range involved in the measurements. 

The results of the fragmentation studies on only monomeric SnH, are given in 
Table 1 since the search for any polymeric species failed. The fragmentation pat- 
terns of SnH, prepared from natural tin, calculated on the basis of the recom- 
mended isotope abundances according to BAINBRIDGE and Nicer"), agree, within ex- 
perimental error, with the values shown for the separated isotope. 


TABLE 1.—FRAGMENTATION PATTERNS OF IONS FROM SnHq PREPARED 
FROM THE SEPARATED ISOTOPE !2°Sn 





SnH4} SnH3/ SnH2; SnH| Sn 


Singly charged ions: <01 100 53-6 | 21-5 70°6 
Doubly charged ions: 0-0 43 | 57) 100 |<01 





These results disagree in principle with those reported by NeuRT and Ciasen®) 
for silane and germane, whose publication is the only detailed report for any of the 
Group IV B hydrides other than methane. The fragmentation pattern given here 
for stannane shows a negligible ion current due to the parent ion, SnH,, and a 
sizeable ion current due to Sn*. The reverse would have been expected according 
to the results reported for silane and germane if the expected trend were true for 
this group of elements. An erroneous mass assignment could easily be considered 
as a possible explanation. However, in the data reported here, the masses were 
positively identified by comparisons at mass 122 using CrO,F,, which has been well 
characterized by FLEscu and Svec™, as a standard. Thus the reported fragmentation 
patterns for stannane cannot be in error due to any uncertainty in the assigned 
masses. The problem of the discrepancy between these results and those of NEURT 
and CLASEN remains due either to some fundamental differences in the behaviour of 
silane and germane in the mass spectrometer or to an error in the mass assignments 
made by those investigators. The latter is strongly suspected since fragmentary 
results by others” for silane indicate behaviour similar to that observed here for 
stannane. 


'7) K. T. BAINBRIDGE and A. O. Nier, Relative Isotopic Abundances of the Elements. Nuclear Science 
Series Prelim. Report No. 9 (1950). 

‘8) H. Neurt and H. Crasen, Z. Naturf. 71 A, 410 (1952). 

‘9) PD. Frost, Univ. of Brit. Columbia, Vancouver, British Columbia; Callery Chemical Company, 
Callery, Penn., “Uncertified Mass Spectra”, private communications (1959). 
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Appearance potentials 

The appearance potential data were obtained by the method of FLescu and Svec") 
using argon as an internal standard. Extrapolation of the straight line portions of 
the appearance potential plots was the method" used for determining the values 
listed in Table 2. While this method is admittedly subject to certain disadvantages, 
its simplicity was ideal and the values obtained were sufficient for the present study. 
Since the most accurate values were obtained using SnH, prepared from the separated 
isotope '*°Sn, only these values are shown. 


TABLE 2.—APPEARANCE POTENTIALS AND PROCESSES INVOLVED IN THE 


- . . 7 12 
FORMATION OF THE FRAGMENT IONS FROM 20SnH, 





A. P. (eV) Process 


11:7 + 0:3 (estimated) SnH4—SnHy + e 

119+ 02 SnH4—SnH; +H +e 
121+ 02 | SnH4—SnH; + H2 +e 

16-4 + 03 SnH4—SnH2 +4 1. @ 
13-3 + 0-2 SnH4— SnH* + + H2+e 
17-3 +05 SnH4— SnH* + 3H +e 
114+ 02 SnH4— Sn* + 2H2 + e~ 

15-5 + 0-2 SnH,4— Sn* + H2 + 2H + e~ 
19-5 + 0-2 SnH4— Sn* + 4H +e 





The appearance potential of SnH; had to be estimated tecause the ion current was 
so small that any sensible measurement with the present instrument was impossible. 
This estimation was based on the noted similarity between the plot of the appearance 
potentials of Sn*, SnH*, SnH; and SnHj vs. the fragments and a similiar plot 
for the CH, fragments. The SnH,; appearance potential was then obtained by 
extrapolation in such a manner that the curves for the SnH, and CH, fragments 
would have similar forms. This estimated value is listed in Table 2. In the absence 
of similar reliable data for SiH, and GeH, this extrapolation may be a tenuous one, 
but it appears legitimate under the circumstances. Future work on SiH, and GeH, 
is planned to test this assumption. 

Using the appearance potentials for the processes in Table 2 which require the 
greatest electron energies (the only ones on which a valid comparison can be 
based), and assuming that the ions are formed with negligible kinetic and excitation 
energy, the bond energies for the various ions were calculated. The results, listed 
in Table 3, represent upper limits for the indicated bonds energies because of these 
assumptions. The low value for the bond strength in the SnH,;—H pair supports the 
observation of a negligible number of parent ions among the ion fragments; and 
the high value for the SnH;-H pair is supported by the fact that -SnH; are the 
most abundant ions in the spectrum. 


0) R.H. VouGut, Phys. Rev. 71, 93 (1947). 
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TABLE 3.—BOND ENERGIES OF THE ION FRAGMENTS OF SnH, 





Ion Bond energy (eV) 


SnH; -H 0:2 
SnH, -H 4:5 
SnH *-H 0-9 
Sn*-H 2:2 





lf the appearance potential of Sn” given in process (9) of Table 2 is combined 
with the spectrographic ionization potential for the Sn* ion,"'” an estimation of 
the heat of formation of SnH, from the gaseous atoms can be obtained. For this 
process: 


SnH, ——— Sn* + 4H®,,, 4 (9) 


A. P. = I. P. + 4D. E,,, H- 


A. P. = Appearance potential 
I. P. = ionization potential 


D. E. = dissociation energy 


This gives a mean dissociation energy for the Sn—H bond of 3-05 eV or 70-3 +- 
1-2 kcal/mole. Hence the heat of formation, 


AH, = 4D.E. = 281:2 + 4-7 kcal/mole. 


The only other thermochemical measurements on stannane have been reported 
by DE ZOULOV and De_tomse'!2) who give a value of 98-7 + 4-6 kcal/mole for the 
standard free energy of formation at 25°C. This value was obtained in an electrolysis 
cell to which decreasing voltages were applied. The voltage at which SnH, was no 
longer detected in the gaseous products from the electrolysis was used to compute 
E° for the reaction 

SnH, = Sn + 4H,, + 4e — (10) 


by means of the Nernst equation. Concentrations of SnH, and H, in the gaseous 
products were assumed to be those reported by PANETH.'!3) 

In an attempt to compare this value with the one obtained from appearance 
potential data the entropy of stannane was estimated. This was done by using the 
equations given by WAYMAN, KILPATRICK, TAYLOR, PITZER and Rossini‘!4) for S,. 


(11) C, E, Moore, Atomic Energy Levels Vol. 1. Circular of National Bureau of Standards, No. 467 
(1949). 

(12) pe ZouLov and E. DeLtomBe, Cebelor Capp. Tech. No. 26 (1955). 

(13) F, PaNeTH and E. RaAsBinowiTcn, Ber. Dtsch. Chem. Ges. 57 B, 1877-90, 1891-1903 (1924). 

(14) WAGMAN, KILPATRICK, TAYLOR, Pitzer and Rossini, J. Res. Nat. Bur. Stand. 34, 143 (1945). 
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and S,,a,, and combining the computed values with the entropy of Sn° and H,, 
given by LaTiMER !5) to determine AS. In the computations it was assumed that the 
SnH, molecule was a spherical top and like CH, had a symmetry number of twelve. 
A further assumption was that the molecule was also rigid, thus S,;, = 0. This 
latter assumption had to be made because the fundamental vibrational frequencies 
of SnH, are not known, making the computation of S,;, impossible. In any event, 
the error introduced could not have been greater than 1-2 kcal/mole. Accordingly 
the calculated entropy of SnH, at 298°K is 60 e.u. and the heat of formation for 
stannane as given in process (10) is 84-5 + 4-6 kcal/mole at 298°K. 
In order to compare this value with that obtained for process (9) by means of the 
appearance potential measurements, the reaction 
H.., = Hag +e (11) 


aq 


must be added appropriately to the overall process to give a reaction comparable 
to (10). According to Latimer, AH for this reaction is 52-1 kcal/mole. When this 
is properly combined with AH, for (9), as given above, a value of 72-4 + 4-7 kcal/ 
mole is obtained which should be compared with the 84-5 kcal/mole deduced from 
the results of DE ZOULOV and DELTOMBE. 

In light of the relatively large uncertainties involved in both measurements it 
is tempting to say that these two values are in essential agreement. However, this 
cannot be the case if the procedure by means of which the electrometric value was 
obtained is corsidered. In the electrolysis, the ratio of stannane to hydrogen produced, 
SnH,/H,, was approximately 1/10000. Thus the possibility of having measured the 
hydrogen overvoltage along with the reduction potential was very great. Careful 
study of the report of the work shows that no attempt was made to correct for the 
effect of overvoltage. Indeed, under the circumstances it is difficult to imagine how 
the hydrogen overvoltage in the electrolysis might have been determined. Thus one 
must conclude that the free energy of formation reported by DE ZOULOV and DEL- 
TOMBE included the hydrogen overvoltage effect and that the value is too high. Under 
these circumstances no comparison between the mass spectral and electrometric 
values for the heat of formation of stannane can be made. Of the two, the value 
reported here based on appearance potential measurements represents the best 
experimental value for this quantity obtained to date. 


Acknowledgement—The authors wish to acknowledge the assistance of G. FLescu for helping 
one of us (FES) in the work of obtaining the experimental data. Also his meaningful discussions 
about the data were appreciated. 


(5) W. Latimer, Oxidation Potentials (2nd Ed.). Prentice-Hall, New Jersey (1952). 
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INTERCONVERSION OF BORANES—II 
DEUTERIUM ISOTOPE EFFECT 
IN THE DECOMPOSITION OF DIBORANE 


R. E. ENRIONE and R. SCHAEFFER 
Department of Chemistry, Indiana University, Bloomington, Indiana 
(Received 14 January 1960; in revised form 4 April 1960) 
Abstract—The decomposition of B2H¢ has been shown to be five times faster than that of B2D 
by following the rate of hydrogen elimination. Factors affecting the concentration of one boron and 
three boron intermediates are discussed. The evidence is interpreted in terms of the reaction 
B3H»9 — B3H7 + H2 


as the rate controlling step of the decomposition. 


WHEN diborane is heated to temperatures near 100°C decomposition occurs with 
loss of hydrogen and formation of other boranes. In the early stages of the decom- 


position, tetraborane-10, pentaborane-9, and pentaborane-11 are formed. The path- 
way followed during the course of the reaction is obviously complex and few studies 
designed to reveal the detailed reaction mechanism have yet been reported. 

Two previous studies by CLARKE and Pease and by BRAGG et a/. show that dibo- 
rane is consumed by a three-halves order process in the initial reaction 


B,H,=2BH, (1) 
BH,+B,H,~— reaction products (2) 


wherein reaction (2) is rate limiting''?). Conclusive evidence concerning the succeed- 
ing reactions has not yet been reported. This study was undertaken to seek a more 
detailed understanding of the nature of the rate limiting step. 


EXPERIMENTAL 


Diborane used in this investigation was a commercial sample and was purified as necessary 
by passage through a —135 or —157°C trap. Mass spectrometric analysis showed the presence 
of essentially no impurities. 

Diborane-D¢ was supplied to us through the courtesy of Professor H. I. SCHLESINGER and had 
been prepared several years ago by reaction of LiD with boron trifluoride diethyl etherate. It was 


{ J. K. Braco, L. V. McCarty and F. J. Norton, J. Amer. Chem. Soc. 73, 2134 (1951). 
2) R. P. CLARKE and R.N. Pease, J. Amer. Chem. Soc. 73, 2132 (1951). 
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purified prior to use in the same way as the diborane and was shown to be essentially pure by mass 
spectrometric analysis. 

Decompositions were carried out in a 500 ml Pyrex bulb connected to the vacuum apparatus 
by a 2 mm capillary and a stopcock, two glass U-tubes and a second stopcock. The decomposition 
bulb was kept totally immersed in an oil bath with temperature controlled to + 0-05°C by an elec- 
tronic relay and mercury thermoregulator. At the beginning of each run, a carefully measured amount 
of diborane was condensed into the two U-tubes and allowed to warm to room temperature. The 
experiment was started by opening the stopcock to the heated bulb for 5 sec to allow about two 
thirds of the diborane to expand rapidly into the heated bulb. After the stopcock attached to the 
decomposition bulb was closed, the diborane retained in the two U-tubes was measured, and the 
amount contained in the decomposition bulb calculated by difference. Pressures in the decomposi- 
tion bulb could be controlled with fairly high precision in this manner. The pressure used in these 
reactions was 240 mm. The greatest advantage this procedure afforded, however, was the fact 
that the time required for the diborane to reach reaction temperature was quite short since only 
the gas itself and not a substantial weight of glass need be heated. 

Previous studies had shown that the presence of decomposition products in the flask and the 
nature of the walls had little effect on the rate of reaction. After a preliminary check of these facts 
in this laboratory, succeeding runs were made without dismantling the apparatus. In all cases the 
decomposition was allowed to proceed to considerably less than one per cent. 

After the sample had been heated for the desired time interval the decomposition bulb was 
opened to a large volume of the vacuum apparatus with the intervening U-tubes cooled to — 196°C 
to retain the major portion of the diborane and condensible products. The pressure immediately 
fell to less than 1 mm, where the rate of decomposition of diborane is too slow to measure during 
the short time interval necessary to remove and measure the hydrogen with an automatic Toepler 
pump. 

The rates of the reactions were determined from a plot of hydrogen evolved vs. time. Previous 
investigators had found this curve to be nearly linear at the pressure studied". In this work a slight 
curvature was noticed which would indicate that the initial reaction product underwent some 
additional reaction with the production of more hydrogen. The rate constants were taken from the 
initial slope and are given in Table 1. If the curvature is ignored and the rate taken from the best 
straight line through the points, the difference between the two rate constants, even in the least 
favourable case, amounts to only a few per cent. Thus with either method, the results are essentially 
the same. 


TABLE 1.—RELATIVE RATES OF DECOMPOSITION OF B2H¢ and B2D¢, 





TCC) 
kp, Hg (BRAGG et al.) 
kp Hg (This work) 


, 
KB Dg 


, , 
kp, Hg kB, De 


/ 
Kp, H,/KB, D¢ 


kp, ug/kB, Dd, 
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DISCUSSION 


The experimentally determined rate constant, k’, is actually the product of the 
rate constant of the rate-determining step, k, and the square root of the diborane- 
borane equilibrium constant, K. For a meaningful comparison of the isotope effect 
on the rate constant, the value of the equilibrium constant should be determined. 
The ratio of the equilibrium constants for dissociation of B,D, were calculated- 
by standard methods.“ The molecular parameters were assumed to be the 
same for both isotopes and were taken from work by HEDBERG and SCHOMAKER ™), 
The vibration frequencies of B,H, and B,D, were taken from several sources ©, 
The molecular parameters and vibration frequencies used for BH, were the 
estimates of BAUER“. The vibration frequencies for BD, were calculated by 
application of the Teller-Redlich product rule. The calculated ratios and 
resulting true constant ratios are also given in Table 1. 

It is worthwhile to specifically note that the calculations lead to the conclusion 
that B,D, will be dissociated to a considerably greater extent than will B,H, and in 
fact that the BD, concentration will be about twice as large as the BH, concentra- 
tion at the same temperature. Despite the higher concentration of “monomer” units 
in the former case the rate of decomposition is only one fifth as large, a truly strik- 
ing isotope effect. 

One may compare these calculations with the calculated isotope effect on the 
dissociation of ethane to two methyl radicals carried out in 1951 by WALL and 
Moore'®’. For dissociation to two methyl radicals, they calculated the 1atio of 
dissociation constants for C,H, to that for C,D, to be 0-254 (ignoring vibrational 
contributions to the partition function). As in that case, by far the largest factor 
leading to greater dissociation of B,D, is the rotational partition function, since 
(for a planar BH, or BD,) all three axes of rotation pass through the boron atom, 
allowing the entire effect of substitution of D for H to be carried over to the moments 
of inertia and hence to the rotational partition function, whereas in the diborane 
molecule the boron atoms are principal contributors to two moments of inertia and 
isotopic substitution has a much smaller relative effect. 

We may readily visualize three reactions which might be rate limiting in the 
decomposition of diborane: 

B,H,;+BH,; > B,H,+H, (3) 
B,H,+BH; > B;H, (4) 
B,H,—> B,H,+H, (5) 

9) M. Do te, Introduction to Statistical Thermodynamics. Prentice-Hall, New York (1950). 

“) K, HEDBERG and V. SCHOMAKER, J. Amer. Chem. Soc. 73, 1483 (1951). 

‘9) W.E. ANDERSON and E. F. Barker, J. Chem. Phys. 18, 698 (1950); R. C. Lorp and E. J. Nie.- 
son, J. Chem. Phys. 19, 1 (1951); H. I. SCHLESINGER ef al., Navy Contract N6ori-20, T. O. X Final 
Report 1948-1949. 

{6} A. SHepp and S.H. Bauer, J. Amer. Chem. Soc. 76, 265 (1954). 

‘7) G. HERZBERG, Infrared and Raman Spectra of Polyatomic Molecules. Van Nostrand, New York 
(1945). 

‘8) L.A. WALL and W. J. Moore, J. Amer. Chem. Soc. 73, 2844 (1951). 
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If reaction (3) is followed, an essentially concerted displacement of hydrogen 
by the BH, group is visualized; in a plot of potential energy versus reaction 
co-ordinate the three-boron intermediate corresponds to the energy maximum. 
Reactions (4) and (5) constitute a reaction sequence in which either might be rate 
limiting. In either event B,H, is considered to be present as a metastable reaction 
intermediate (presumably in steady state concentrations) and the two differ only 
in whether the corresponding energy minimum lies after (if reaction (4) is rate 
limiting) or before (if reaction (5) is rate limiting) the energy maximum correspond- 
ing to the transition state. 

In the absence of further information, it would appear to be best to eliminate 
reaction (3) and retain the molecule B,H, as a distinct, though metastable, inter- 
mediate. Reasons for the preference are sound although not wholly determinative. 
Thus, derivatives of the hypothetical acid HB,;H, are known and moreover reactions 
such as those of diborane with ethylene and B,H, with B,D, also appear to involve 
three boron intermediates although loss of hydrogen is not involved. 

If reaction (4) were rate limiting, the higher concentration of borane groups in 
the decomposition of B,D, might be expected to lead to more rapid decomposition 
for that isotopic variety. In any event a large isotope effect on the rate is not to be 
expected. It also follows that more complex pathways involving rapid reactions 
of B,H, after its formation in the rate determining step are unlikely even though 
some schemes of this type could be devised which would also obey the observed 
rate law. 

On the other hand, if reaction (5) is rate limiting the problem must be resolved 
into two factors. Writing the equilibrium constant for reaction (4) as a prior equi- 
librium 


(B; Hg) 


~ (BH,)(B,H,) 


it is clear that the higher concentration of borane groups favours greater concentra- 
tions of the steady state intermediate in the case of B,D, for identical values of K. 
However, for precisely the same reasons that B,D, should be dissociated to a greater 
degree than B,H,, the formation constant for B,H, should be larger than that for 
B,D,. This effect is difficult to estimate quantitatively since the structure of B,H, is 
not known, although the molecule and a likely structure for it have been extensively 
discussed by Lipscoms'). To a first approximation it is probably not unreasonable 
to assume that the largest effect this factor can have is to cancel the effect of a greater 
borane concentration for the deuterium case, resulting in the same concentration of 
three-boron intermediate for either case. In that event the specific rate constant for 
decomposition of B,H, is about five times that for B,D,. Even if the above assumption 
is in error by a facto: of two (which it probably is not) it is clear that a substantial 
retardation of the decomposition is produced by replacing hydrogen with deuterium. 


‘9) W. N. Lipscoms in Advances in Inorganic Chemistry and Radiochemistry Chap. 3, Vol. 1. 
Academic Press, New York (1959). 
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This isotope effect is quite in line with what might be anticipated if one or more 
B-H bonds are substantially stretched in the transition state of reaction (5). 

Thus it would appear that reaction (5) is a suitable description of the rate-limiting 
step of the decomposition of diborane at the present state of knowledge. 


Acknowledgement —This research was supported by the United States Air Force under Contract 
AF 33-(616)-5827, monitored by the Aeronautical Research Laboratory, Wright Air Development 
Center. 
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THE REACTION OF DIBORON TETRACHLORIDE 
WITH SOME SIMPLE zx-BONDED MOLECULES 


A. K. HOLLIDAY and A. G. MASSEY 


Department of Inorganic and Physical Chemistry, The University of Liverpool 
(Received 5 April 1960) 


Abstract - The possibility of forming 1:1 adducts of diboron tetrachloride with nitrogen, oxygen, 
carbon monoxide and nitric oxide has been examined. Nitrogen and pure carbon monoxide do not 
react; oxygen forms boric oxide and boron trichloride, but intermediate formation of a 1:1 adduct 
is postulated. Nitric oxide forms a 1:1 adduct which decomposes at —40° to give a white solid 
B>(NO)3, BCI, from which boron trichloride can be slowly released by pumping, violently released 
by heating, and removed by trimethylamine. The solid B2(NO); is thermally stable and resist 
hydrolysis; an oxide-like structure in which boron trichloride is occluded is suggested. 


DiBORON tetrachloride forms !|:1 adducts with many olefins, di-olefins, and acety- 
lene ;“''” the structure of the ethylene compound is Cl,B.CH,.CH,.BCl,. It now seems 
well established that <-bond donation to boron atoms can occur (e. g. in the addition 
of olefins to diborane). It is therefore reasonable to postulate that such donation 
will occur even more readily to diboron tetrachloride, where there are two adjacent 
boron atoms each with a vacant orbital, giving in effect a “vacant z-orbital”. The 
addition of (e. g.) ethylene can then be represented as shown below, the B-B bond 
breaking and leaving the ethylene compound with acceptor properties again: 


CI,B—BCI, CI,B--BCl, CIB BCI, 


* 4 


On this hypothesis, simple molecules of the type X = Y should be able to form 1:1 
adducts with diboron tetrachloride, provided that they are sufficiently reactive at 
the low temperature (<10°) which must be used to maintain the stability of the 
tetrachloride, and are not too polar (since marked asymmetry of the z-bond may 
prevent donation‘2’). If X and Y also possess unshared pairs then these may be used 
alternatively for donation, since bidentate donor molecules can form 1:1 adducts 
with diboron tetrachloride.'4? The reactions of two X=Y type molecules have 


{) G. Urry, J. KERRIGAN, T. D. Parsons and H. I. SCHLESINGER, J. Amer. Chem. Soc. 76, 5299 
(1954). 

2) P. Ceron, A. FIncH, J. Frey, J. KERRIGAN, T. PARSONS, G. Urry and H. I. SCHLESINGER, 
J. Amer. Chem. Soc. 81, 6368 (1959). 

‘9) A. K. Hoiuipay and A. G. Massey, J. Chem. Soc. 43 (1960). 

‘) A. K. Hoiiipay and F. J. MArspeNn. Unpublished work. 


[108] 





Diboron tetrachloride 109 


already been investigated; APPLE and WARTIK‘>’ found that oxygen reacted at —78° 
thus: 


6B,Cl, + 30,+8BCI, + 2B,0, 


and ROSENBERG and WaArRTIK found no reaction with carbon monoxide. However, 
the results of some studies of the oxidation of diboron tetrachloride-ethylene suggest 
the formation of a 1:1 diboron ‘tetrachloride-oxygen adduct;‘3’ hence we have 
reinvestigated the reactions of oxygen and of carbon monoxide and also the reactions 
of nitrogen and nitric oxide. 


EXPERIMENTAL 


All manipulations were carried out in a high-vacuum apparatus. Diboron tetrachloride was 
prepared by passage of a d.c. or a. c. arc through boron trichloride vapour, as previously describ- 
ed). Other starting materials were prepared and purified by conventional means; the method 
of Ray and Occ") was used for nitric oxide. 

Amounts of reactants were measured either by calibrated traps or by a gas pipette for non- 
condensable gases. Reactions were studied by mixing known amounts of the reactants at liquid 
nitrogen temperature and warming until reaction was observed. Excess reactants were then removed 
together with any volatile products, which were separated and identified; the residue was usually 
hydrolysed and then analysed for boron and chlorine and any other accessible elements. 


RESULTS 


A mixture of diboron tetrachloride with excess oxygen showed no sign of reaction 
at —112°, but on warming to —78° a vigorous reaction occurred; the reaction ratio 
B,Cl,/O, was 2:1 and the only products were boric oxide and boron trichloride, 
as found by APPLE and WarTIK. No 1:1 adduct could therefore be isolated. With 
nitrogen there was no reaction of diboron tetrachloride, as expected. With carbon 
monoxide, the results were uncertain; pure carbon monoxide apparently did not 
react, but in the presence of a small amount of formic acid as impurity, appreciable 
amounts of carbon monoxide were very slowly taken up and a colourless unstable 
adduct was obtained. A separate study of the addition of compounds containing the 
> C=O group to diboron tetrachloride was clearly required, and this will be reported 
later. 

When excess nitric oxide and diboron tetrachloride were warmed together from 
liquid nitrogen temperature, the mixture assumed the characteristic purple colour 
of a (nitric oxide+chlorine-containing compound) mixture at —112°, but on further 
warming the colour became green, and at —78° a green solid was rapidly formed. 
The reaction ratio of 1:1 was unchanged by variations in the relative amounts of the 
reactants, and there were no volatile products; formation of a 1:1 adduct can there- 
fore be assumed. The reaction, like that with ethylene, could be carried out in pres- 
ence of boron trichloride which could subsequently be removed unchanged. At 


‘) E. F. AppLe and T. WarTIK, J. Amer. Chem. Soc. 80, 6153 (1958). 
‘6 R.M. ROSENBERG and T. WarTIK, AFOSR Report (1957). 
(7) J.D. Ray and R.A. Oaoa, J. Amer. Chem. Soc. 78, 5993 (1956). 
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temperatures above —78°, the reaction was violent; rapid heating of the adduct to 
room temperature also brought about a violent reaction. The adduct began to 
decompose above —40° (see below), hence its reactions were necessarily studied 
below this temperature. 

The adduct did not react with either oxygen or ethylene at —78°. Addition of 
trimethylamine accelerated the decomposition; this is in contrast to the effect of 
tri-methylamine on diboron tetrachloride itself, which is stabilized by formation of 
the adduct B,Cl,, 2NMe,, and on diboron tetrachloride—-ethylene which also forms 
an unreactive adduct.'3) The decomposition at —40° produced 1 mole of boron 
trichloride; the green colour was lost, and the residue dissolved in the boron trichlo- 
ride; when this was removed, a white glassy solid having the composition NOBCI 
remained. This solid did not exhibit any paramagnetism, and did not react with 
nitric oxide. Further slow loss of boron trichloride occurred from it on standing, 
and the solid became semicrystalline. To assist this further loss, the solid was heated; 
but reproducibly at 90+-5° the solid suddenly erupted violently in the reaction tube 
and became incandescent. It was found that this eruption could be initiated at room 
temperature by localized heating (e.g. by a spark touching the reaction vessel ex- 
ternally, or by addition of a drop of water causing local heating due to hydrolysis). 
The eruption caused evolution of mote trichloride, but no other volatile products 
except a trace of nitrogen, and the appearance of the solid remained unchanged. 
Prolonged pumping from the solid at ordinary temperatures mitigated the violence 
of any subsequent eruption, suggesting that the latter arose through rapid release of 
boron trichloride from the solid; but after both pumping and eruption the residual 
solid still contained chlorine, with B:Cl = 0-3 approx. 

The reaction of the original adduct B,Cl,, NO with trimethylamine, already men- 
tioned, was rapid and vigorous at —78°; the colour disappeared and a white solid 
was formed, with no volatile products. Sublimation effected partial separation from 
the solid of trimethylamine—boron trichloride as the sublimate; the residue had a 
similar appearance to that seen after thermal decomposition of the B,Cl,, NO adduct. 
The reaction ratio was NMe,/B,Cl,, NO = 1-26; further treatment of the residue 
with trimethylamine gave no further uptake until ~300° and even here reaction was 
hardly appreciable. The ratio 1-26 is close to that expected if the reaction 


had gone to completion; it therefore seems probable that trimethylamine removed 
almost all the boron trichloride, leaving a white solid of composition B,(NQO),. 
Experiments on the solid B,[ NO],,xBCl,, where x had been reduced to a minimum 
by prolonged pumping-off of boron trichloride, were as follows: Heating at 500° 
for 4 hr produced a small amount of boron trichloride, a little nitrogen and traces of 
oxides of nitrogen, but no other volatile products; the extent of decomposition was 
very small, and no change in the appearance of the solid could be seen. Hydrolysis 
produced the expected boric acid and hydrochloric acid from the residual boron 
trichloride, but recovery of the remaining boron in titratable form was incomplete. 
Alkaline hydrolysis produced some ammonia but no nitrite or nitrate; the nitrogen 
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recovery aS ammonia was incomplete. Heating of the hydrolysate after removal of 
water gave small amounts of nitrogen, nitrous oxide and nitric oxide, but again 
there was no visible change in appearance even at 500°. The original solid did not 
react with hydrogen chloride or with oxygen. 

Attempts to prepare a substance of similar nature by heating together boron 
trichloride, nitric oxide and mercury failed, the reaction yielding nitrogen, nitrous 
oxide and boric oxide, with chlorides of mercury. 


DISCUSSION 


The diboron tetrachloride/oxygen reaction ratio of 2:1 does not suggest the 
initial formation of 1:2 adduct B,Cl,.20,. If a 1:1 adduct were formed initially, then 
the structure Cl,B.00.BCI, might reasonably be assigned to it. Now there is evi- 
dence") that in compounds R,B.OOR[R=alkyl] the oxygen atom attached to the 
boron atom can donate to another boron atom in a boron-trialkyl with subsequent 
fission of the O—O bond to give alkoxy-boron alkyls as products. Since diboron 
tetrachloride is a “bidentate” acceptor, with probably greater acceptor power than 
trialkylborons, addition to the 1:1 adduct of another B,Cl, molecule, followed by 
O—O bond and B—B bond fission might occur: 


Cl,B.0--O.BCl, 
LJ > 2[Cl, BOBCI,]>2BCl, + 3BOCI 


Cl,B—BCl, 


the boron oxychloride then decomposing to boric oxide and boron trichloride; the 
observed stoicheiometry would then be explained. 

There is little evidence that nitric oxide can act as a donor to boron; a very un- 
stable adduct NO,BF; has been postulated”) chiefly on the basis of a colour change, 
but has not been isolated. Simple donation to diboron tetrachloride would be expected 
to yield B,Cl,,2NO, since both boron atoms are equally good acceptors. Formation 
of the observed 1:1 adduct as a nitrosonium salt [NO]‘[B,Cl,]~ is plausible but 
formation of [NO],[B,Cl,] might be expected since the second electron could appar- 
ently be accommodated by the B,Cl; anion. A bridge structure Cl,B.NO.BCI, 
explains the 1:1 ratio; moreover, further addition to it of nitric oxide would not 
be expected, nor would the adduct itself donate to another B,Cl, molecule, since 
both these processes would require simple donation of either the N or O atoms 
of the nitric oxide to a boron atom. However, there is no established example of 
nitric oxide acting as a bridge between two atoms: and although many compounds 
containing either B—N or B—O bonds are known, there is little evidence for com- 
pounds with these two bonds adjacent; oxidation of B—N compounds breaks this 
bond and the reaction of [e. g.] ammonia with a borate or similar compound breaks 


‘8) C.E.H. Bawn, D. MARGERISON and N. M. RICHARDSON, Proc. Chem. Soc. 397 (1959). 
‘) G.R. Finpay, J. Chem. Educ. 24, 149 (1947). 
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the B—O bonds. The suggested bridge structure is therefore exceptional in these 
respects. 

Both diboron tetrachloride and its adducts usually yield 1 mole of boron tri- 
chloride on thermal decomposition and form non-volatile polymeric substances 
containing BCI units"®'’) which are usually coloured and stable to further heating, 
and which do not readily lose more boron trichloride. The initial product of apparent 
formula BCI, NO produced by thermal decomposition of the nitric oxide adduct 
does not show these characteristics, and the properties suggest that the decomposi- 
tion is best represented by the reaction 


3 B,Cl,,NO-+>B,(NO,);,BCI, + 3 BCI, 


with some boron trichloride retained by the solid B,(NO), in some way permitting 
partial release on pumping or heating. The violent release of boron trichloride on 
heating is notably similar to the behaviour of the sub-boric acid B,(OH), prepared 
by hydrolysis of diboron tetrachloride; if incompletely dehydrated to the suboxide 
B,O,, this substance undergoes a rapid and spontaneous change at 400° in vacuo, 
being heated to incandescence.''?) There is here only minor chemical decomposition 
to give traces of hydrogen and boric acid, the product being the brown form of the 
suboxide B,O,. Boric acid is also known to lose the last traces of water with eruptive 
violence when thermally dehydrated to the oxide B,O,. It seems that some re-ar- 
rangement of these oxide structures must occur when the last water molecules are 
expelled, and the release of boron trichloride from the solid B,(NO); may happen on 
heating by a similar process. The possibility of an oxide-like structure for the solid 
B,(NO), may also explain its stability. If a structure similar to that of boric oxide 
exists, then each nitric oxide replaces an oxygen atom, and the original adduct with 
the suggested structure Cl,B.NO.BCI, is analogous to the intermediate Cl,B.O.BCl, 
postulated in the oxidation reaction; breakdown of this to the oxide and boron 
trichloride is then paralleled by the decomposition of the adduct to give solid B,(NO), 
and boron trichloride. 

Until some way of completely freeing the solid B,(NO), from boron trichloride 
can be found, quantitative investigation of its properties is likely to prove very 
difficult, since the unknown amount of reactive boron trichloride must interfere 
with any reaction carried out. Presumably the structure must possess the exceptional 
characteristics already noted for the nitric oxide adduct, and additionally there is 
the lack of colour. which would not be expected in a compound containing NO 
units; it suggests possible pairing of the odd electrons of the NO units, perhaps by 
the formation of additional bonds which further enhance the stability. 
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BINARY DODECABORIDES 


S. La Praca*, I. BINDERT and B. Post* 


Polytechnic Institute of Brooklyn, Brooklyn, N.Y. 


(Received 22 April 1960) 


Abstract —Cubic dodecaborides of Dy, Ho, Er, Tm, Lu and Y, isomorphous with UB;> and ZrB)>, 
have been prepared by the reaction of metal sesquioxides with excess amorphous boron at 1400- 
1500°C in a protective helium atmosphere. The boron atoms are linked in a rigid three dimensional 
network with metal atoms in large cubo-octahedral holes. The stability of the structure appears 
to be a sensitive function of the effective size of the metal atom; it could not be prepared when 
metal atoms larger than Dy or smaller than Zr were used. Coefficients of thermal expansion of 
HoB;> and of ErB;> have been measured by X-ray diffraction methods. 


THE first compound of this type, UB,,, was described by BERTAUT and BLUM in 
1949.‘ The unit cell is cubic and contains four formula weights. The space group 
is Fm3m; metal atoms are in positions 4a: 000, 034, 404, $40; boron atoms are 
in position 48i: 


tan, v42, rr}, 42%, T4272, xzh, 
422, 742,274, 4Zr, riz, Fr}. 


Steric considerations, plus comparisons of observed and calculated intensities, 
indicated to BERTAUT and BLUM that the one variable positional parameter in the 
structure, that of a boron atom, was: x = }. This leads to a highly symmetrical 
structure in which the metal atoms can be described as being at the centres of regular 
cubo-octahedra with boron atoms at each of their twenty-four vertices (Fig. 1). 
Each boron atom is bonded to two metal atoms and to five boron atoms. The 
structure may be visualized alternatively, as suggested by BERTAUT and BLUM, in 
terms of a modified NaCl type structure, with the metal atoms taking the place of 
sodium and smaller cubo-octahedral groupings of twelve boron atoms taking the 
place of chloride ions. 

More recently, Post and Gtaser™ prepared and discussed the isomorphous 
ZrB,,. Good agreement between observed and calculated intensities was computed 
when the position parameter of the boron atom was taken to be 4, as in UB). 


* Polytechnic Institute of Brooklyn, Brooklyn, N.Y. 

+ Union Carbide Research Institute, Tuxedo, N. Y. 

() F, Bertaut and P. Bium, C. R. Acad. Sci., Paris 229, 666 (1949). 

(2) B. Post and F. W. Graser, 7Jrans. Amer. Inst. Mech. Engrs. 194, 631 (1952); J. Metals 4, 
631 (1952). 


(113] 





114 S. La Praca, |. BinperR and B. Post 


Efforts to prepare dodecaborides of other transition metals of Groups IV, V 
and VI were uniformly unsuccessful; in particular, repeated efforts to prepare HfB,,, 
under a wide variety of experimental conditions, failed. This was surprising in view 
of the close chemical and structural similarities between Zr and Hf compounds. 

The large co-ordination number of the metal atoms in the MeB,, structure, 
together with the observed restriction of its synthesis to the largest of the transition 
metal atoms, Zr, indicated that a necessary condition for the formation of this phase 
was the use of metal atoms with large effective radii. The experiences with the Zr 
and Hf preparations also indicated that the zirconium atom was near the lower 
limit of permissible atomic size (the effective radii of Zr and Hf in the elementary 
state are 1-585 and 1-575 A respectively). It is difficult to compare the above with 
uranium since the latter crystallizes in a relatively complicated crystal structure 
and differs significantly in crystal environment from the other metals considered 


here. 





























Fic. 1.—Arrangement of boron atoms about two adjacent metal atoms in MB, structure. 


Subsequently, Post et al." described unsuccessful attempts to prepare dode- 
caborides of the rare earth metals La, Ce, Pr, Sm, Gd and Yb. All of these have 
effective radii in the elementary state exceeding 1-80 A. In all of these preparations, 
no borides were obtained with boron content higher than that corresponding to 
MeB,. 

Recently we obtained specimens of oxides of all the rare earth metals, except Pm, 
and efforts to prepare dodecaborides of rare earth and related metals were renewed. 

The sesquioxides, stated to be 99-9 per cent pure, were heated by induction 
with amorphous boron at 1400-1500°C in a protective helium atmosphere. Reaction 


‘) B. Post, D. Moskowrtz and F. W. Giaser, J. Amer. Chem. Soc. 78, 1800 (1955). 
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times varied from 4 to | hr. Generally the temperatures were raised rapidly at the 
start of a run to prevent the formation of rare earth borates (MeBO,). Improved 
products were obtained when excess boron, sufficient to form MeB, 9, was used and 
when the oxide boron mixtures were ground under acetone prior to the reaction. 
Identification of the reaction products was made primarily by X-ray diffraction 
methods. Excess boron could be removed from the product by flotation methods. 

The reaction was tried with oxides of La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, 
Er, Tm, Yb, Lu, Sc and Y; only Dy, Ho, Er, Tm, Lu and Y formed dodecaborides. 
These results confirmed earlier findings,” referred to above, to the effect that do- 
decaborides of La, Ce Pr, Sm, Gd and Yb could not be prepared. 


TABLE 1.— METALLIC DODECABORIDES 





Nl 
Density 


MeB)2 ag(A) 3 
|cale. (gcm = °) 


ap p)(A) | du p)(A) a 


| 
LuB;> 7-464 4-868 ‘759 | 2-782 1-902 


TmB)> 7-476 4-756 ‘762 | 2-786 | 1-905 
ErB;> 7-484 4-706 764 2:789 | 1-907 
HoB;> 7-492 4-655 766 2:792 ~—- 1-909 
DyB;> 7:501 4-600 768 2:796 1-912 
YB) 7-500 3-444 768 | 2-796 | 1-912 
UB) | = 7-473 5-855 761 2-785 1-904 
ZrB, 2? 7-408 3-611 746 2761 | 1-888 





* The “effective radius” of the metal atom in MB)» obtained by subtracting dig B)/(2) from d MB). 


X-ray powder patterns were obtained with a diffractometer, using filtered Cu 
radiations and a scanning speed of 4° (26) per min. Dimensions of the cubic unit 
cells were computed from measurements of sharp, high angle reflexions. These are 
listed in Table 1, together with additional structural data. A typical rare earth metal 
dodecaboride powder pattern is listed in Table 2 (TmB,,). 

It is evident that the effective size of the metal atom plays a critical role in the 
formation of the dodecaborides. If we assume that the boron atoms are essentially 
spherical and that their radii are equal to half the B-B internuclear distances, then 
the radii of the “holes” inside the large cubo-octahedra of boron atoms about each 
metal range from 1-89 to 1:91 A (Table 1). It is evident that the relatively rigid 
boron framework will not accommodate the larger rare earth metal atoms whose 
effective radii (with twenty-four fold co-ordination) apparently exceeds 1-91 A. The 
failure to prepare a Yb dodecaboride is readily explained on this basis; its anomal- 
ously large size in the elementary state (more than 10 per cent larger than either of 
its immediate neighbours in the rare earth series) is well known. 

A measure of the rigidity of the boron framework is furnished by X-ray dif- 
fraction measurements of coefficients of thermal expansion of ErB,, over the range 
— 160-420°C, and of HoB,, from 20°C to 350°C (Fig. 2). Within the limits of 
experimental error the coefficients of thermal expansion of both materials are 
constant over the range investigated and equal 3-0 + 0:2x10 ©C '. This extremely 
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small value reflects the rigid, inflexible nature of the boron framework in these 


compounds. 
Little is known of other physical properties of these materials. GLASER and Post‘4) 


reported that ZrB,, melts at 2680°C and exhibits metallic conductivity (the resistivity 
was 60-100 uQ-cm at 20°C).'2) It appears likely that the other dodecaborides have 


similar properties. 


TABLE 2.—TmB,, POWDER DIFFRACTION DATA, CuK, Ni FILTER 





Ip D(A) hkl 


100 4:31 111 
80 3-75 

2-65 

Pa 

2:16 


1-869 
1-713 
1-670 
1-525 
1-438 


1:321 
1-263 
1-246 
1-182 
1-140 


1-127 
1-079 

1-047 711/551 
1-037 640 
0-999 612 


0-973 731/553 
0-934 800 
0-9133 733 
0:9066 820/644 
0-8810 822/660 


08632 751/555 
0-8576 662 
0-8358 840 
08205 911/753 
08157 


07970 
0:7836 





‘*) F.W. GLaser and B. Post, J. Metals 5, 1117 (1953). 
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Recently KMETKO‘S) attempted to relate the anomalous thermionic emission 
constants observed in various rare earth and transition metal borides and carbides 
(in some instances these are up to several thousand times larger than the 120 A/cm? 
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Fic. 2.—The variation of lattice constants with temperature for ErB,, and HoB,,. 


°K? predicted theoretically) to the relatively large distances between metal atoms 
in these compounds. If this hypothesis is valid, the rare earth metal dodecaborides 
may show promise with respect to this property, since the metal-metal separation 
in these compounds is approximately 25 per cent greater than the corresponding 
separation in the rare earth hexaborides. 


‘8) E. A. KMETKO, Phys. Rev. 116, 895 (1959). 
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ADDITION COMPOUNDS 
OF N-METHYL CYCLIC IMINES 
WITH TRIMETHYLBORON* fF 


D. E. McLAUGHLIN +, M. TAMRES, S. SEARLES, JR. and F. BLOcK 


Chemistry Laboratories of The University of Michigan and Kansas State University 
(Received 18 February 1960) 


Abstract—A manometric investigation was made of the addition compounds of trimethylboron 
with the N-methyl derivatives of ethylenimine (aziridine), trimethylenimine (azetidine), pyrrolidine 
and piperidine. The stability order obtained was 3->4-> 5-> 6-membered ring. This order is differ- 
ent from that reported by BROwN and Gerstein"? for the trimethylboron addition compounds 
with the unsubstituted cyclic imines, the order being 4-> 5->6->3-membered ring. The complete 
reversal in position of the 3-membered ring upon substituting a methyl group for the hydrogen 
on the nitrogen in this series is due to large steric interaction. This effect becomes more pronounc- 
ed as the ring size increases, thereby leading to the systematic decrease in stability. Only in the 
case of the 3-membered ring does methy] substitution result in a more stable addition compound. 
For the other ring compounds methyl] substitution results in decreased stability, the decrease beccm- 
ing progressively larger as the ring size increases. 


IN a manometric study of the trimethylboron addition compounds of the unsubsti- 
tuted cyclic imines, BRowN and GersTEIN'!) observed a stability order of 4- > 
5- > 6- > 3-membered ring which they attributed to the opposing effects of two 
steric factors, namely “F-strain” and “I-strain”. “F-strain” was presumed to arise 
from the interaction of the methyl groups of the trimethylboron with the «-methylene 
hydrogen atoms of the cyclic imine, an effect which should increase with increasing 
ring size. “I-strain” was presumed to result from the change in co-ordination number 
(and, therefore, preferred bond angle) of the hetero-atom upon complex formation, 
an effect which should decrease with increasing ring size. 

Investigation of the basicity of the cyclic imines and N-methyl cyclic imines by 
means of hydrogen bonding with methanol-d and by pX, measurements in aqueous 
solution showed a basicity order of 5- > 4- > 6- > 3-membered ring.'2) In that 
study “I-strain” was judged to be small in hydrogen bonding because of the 


* Presented before the Division of Physical Chemistry of the 135th Meeting of the American 
Chemical Society, Boston, Mass., April, 1959. 

+ Taken in part from the Ph. D. thesis of Donald E. McLaughlin, University of Michigan, 
June, 1959. 

Present address: Department of Chemistry, Augustana College, Rock Island, Illinois. 

") H.C. Brown and M. Gerstein, J. Amer. Chem. Soc. 72, 2926 (1950). 
(2) §. SEARLES, M. TAmres, F. BLock and L. A. QUARTERMAN, J. Amer. Chem. Soc. 78, 4917 

(1956). 
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weakness of the interaction, and “F strain” was judged to be small in proton transfer 
because of the small size of the acceptor. The observed basicity order was ascribed 
to an alteration in electron distribution around the atoms in the ring which accom- 
panies the change in geometric configuration. 

In order to obtain quantitative thermodynamic data on the steric and inductive 
effect of the N-methyl group, the manometric investigation of the trimethylboron 
addition compounds of the N-methyl cyclic imines was undertaken, since these 
results could be compared directly with those of BROWN and GERSTEIN") for the 
corresponding unsubstituted cyclic imines. In the event that the steric factors were 
not too preponderant, there was also the possibility of obtaining some information 
on the variation of inductive effect with ring size. Proton magnetic resonance studies") 
on the N-methyl cyclic imines reveal small differences in the proton spectrum of the 
N-methyl groups, but these are so close to experimental error that the results are 
not conclusive. 


EXPERIMENTAL 


Materials. Trimethylboron was prepared by the method described by BRown'*’, The vapour 
pressure observed for the purified material was 7-°9 mm at —96-0°C, 87-4 mm at —63-6°C, and 
247 mm at —45-3°C. 

The preparation and physical constants of the N-methyl cyclic imines have been reported pre- 
viously), The purity of the imines was verified by vapour phase chromatography, with any impu- 
rities having to be present to less than 0-01 per cent. 

Apparatus. A constant temperature manostat was employed for the vapour phase study of the 
addition compounds. This apparatus has been described elsewhere®). The boiling liquid used in 
the lower temperature range (35—85°C) was 1-bromobutane, while that in the higher range (80- 125°C) 
was chlorobenzene. 


RESULTS AND DISCUSSION 


All the N-methyl cyclic imines react with trimethylboron to form white, crystall- 
ine addition compounds of 1:1 composition and melt to yield colourless liquids. 
All were stable under the experimental conditions of this research. The N-methyl- 
pyrrolidine : trimethylboron and N-methylpiperidine : trimethylboron were observ- 
ed to exhibit a marked tendency for the liquid to supercool below the freezing 
point, an observation also reported for piperidine : trimethylboron."’ The melting 
points observed for the 3-, 4-, 5-, and 6-membered N-methyl cyclic imine : tri- 
methylboron addition compounds are 94:2—94-4°C, 5-7°C, 45-4-46-4°C and 28-29°C, 
respectively. The melting points for the corresponding unsubstituted cyclic imine : 
trimethylboron addition compounds reported by BROWN and GeERSTEIN'!’ are 
10-12°C, —9-—6°C, 43-44°C, and 81-5-82-S°C for the 3-, 4-, 5-, and 6-member- 
ed ring, respectively. 


‘8) R. L. RuTLEDGE. Thesis, University of Illinois (1958). 
‘) H.C. Brown, J. Amer. Chem. Soc. 67, 374 (1945). 
{8} PD. E. MCLAUGHLIN and M. Tamres, J. Amer. Chem. Soc. 81, 5618 (1960). 
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Numerical values for the saturation pressures of the 3-, 4-, 5-, and 6-member- 
ed ring N-methyl cyclic imine : trimethylboron addition compounds are given in 
Tables 1, 3, 5, and 7, respectively. The saturation pressure equation for each com- 
pound was obtained from a least squares treatment of the data. The equations are 
plotted in Fig. 1. 











! 





29 3.0 3.1 3.2 
i/Tx 10° 


Fic. 1. — Saturation pressures of the N-methyl cyclic imine: trimethylboron addition compounds. 
1. N-Methylethylenimine : B(CH3)3 (solid) 
. N-Methyltrimethylenimine : B(CH3)3 (liquid) 
. N-Methylpyrrolidine: B(CH3); (liquid) 
. N-Methylpiperidine: B(CH3)3 (solid and liquid). 


Numerical data for the dissociation pressures are given in Tables 2, 4, 6 and 8. 
Although the data are listed in order of progressive increase in temperature, the 
individual points were taken in random fashion to avoid the possibility of systematic 
error. Plots of log K vs. 1/T are shown in Figs. 2, 3 and 4. The technique of initially 
measuring the pressure of each component separately was used in every determination. 
This was found preferable to using the “method of approximations”® because the 
latter method may give erratic results on occasion."!) In one experiment on N-methyle- 
thylenimine : trimethylboron that happened to follow a study of a boron trifluoride 
etherate which left a slight polymeric deposit, it was found that the method of 


‘*) H.C. BROwN and M. GERSTEIN, J. Amer. Chem. Soc. 72, 2923 (1950). 
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1 ! ! 
265 270 2.75 
1/Tx 103 





Fic. 2. — Log K vs. 1/T for N-methylethylenimine: trimethylboron. 
13-614 mm B(CH;)3 and 13-693 mm N-methylethylenimine 
x 14:176 mm B(CH3)3 and 13-682 mm N-methylethylenimine. 








i ! ! 


2.55 2.60 2.65 
\/T x 10° 








Fic. 3. — Log K vs. 1/T for N-methyltrimethylenimine: trimethylboron 
14-299 mm B(CH3)3 and 14-099 mm N-methyltrimethylenimine 
x 14-918 mm B(CH3)3 and 14-604 mm N-methyltrimethylenimine. 
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approximations still gave a straight line plot of log K vs. 1/7 although slight ad- 
sorption effects made the results spurious. 

The thermodynamic values of the trimethylboron addition compounds of the 
N-methyl cyclic imines are summarized in Table 9. These were calculated from 
a least squares determination of log K vs. 1/T. For ease of comparison, the thermo- 
dynamic values of BROWN and GersTEIN” for the corresponding unsubstituted 
cyclic imine : trimethylboron addition compounds are presented in Table 9 also. 
The stability order of the addition compounds which is observed for the series of 
N-methyl cyclic imines is 3- > 4- > 5- > 6- membered ring, whereas for the cor- 
responding unsubstituted cyclic imines, the order reported by BROWN and GERSTEIN 








K 


log 
oO 
ur 
T 


, 


26 270 P 2.80 290 
\/Txt0 





| 


50 


Log K vs. 1/T for N-methylpyrrolidine:trimethylboron and N-methylpiperidine: tri- 
methylboron. 
17-928 mm B(CH3)3 and 18-121 mm N-methylpyrrolidine 
x 17-611 mm B(CH3)3 and 17-712 mm N-methylpyrrolidine 
A 18-914 mm B(CH3)3 and 18-777 mm N-methylpiperidine. 


TABLE 1.—SATURATION PRESSURES OF N-METHYLETHYLENIMINE : 
TRIMETHYLBORON 





Melting point: 94-2-94-4°C 
Saturation pressure equation (solid): 


- 9 


3121 
log P = ——— + 10-451 
T 


Temperature (°C) 54-9 59-9 64:9 69-9 
Pressure (mm) 8-75 12-20 16-64 22-63 


Temperature (°C) 79-9 84-8 
Pressure (mm) 40-90 54-13 
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is 4- > 5-> 6- > 3-membered ring. The complete reversal in the relative 
position of the 3-membered ring is sufficient evidence of a pronounced steric in- 
fluence of N-methyl substitution upon the stability of the addition compound. 

A more quantitative indication of the influence of the N-methyl group with 
increasing ring size is obtained from a comparison of the AH® values for the unsub- 


TABLE 2 DISSOCIATION DATA FOR N-METHYLETHYLENIMINE: TRIMETHYLBORON 





Temperature Pressure Dissociation constant 
(°C) (mm) K (atm) 


13-615 mm B(CH;), and 13-693 mm N-methylethylenimine at 0°C 


4031 
log K 9-276 
T 


79-9 25-089 0:00714 
84:8 26°480 0:0104 
89-8 27-699 0:0147 
94-6 29-218 0-0205 
99-7 30-042 0-0291 
104-7 32:119 0:0408 
109-6 33-438 0-0580 
114-8 34-742 0:0768 


14-176 mm B(CH;); and 13-682 mm N-methylethylenimine at 0°C 


4063 
log K 9-362 
rs 


25-577 
26-950 
28-383 
29-804 
31-339 
32:664 
34-077 
35-317 





TABLE 3.—SATURATION PRESSURES OF N-METHYLTRIMETHYLENIMINE: TRIMETHYLBORON 





Melting point: 5—-7°C 
Saturation pressure equation (liquid): 


006 
log P = ——— + 10-016 
¥. 
Temperature (°C) 49-9 54-9 59-9 
Pressure (mm) 5-09 7-12 9-72 
Temperature (°C) 79-9 84-8 
Pressure (mm) 31-71 41-22 








D. E. MCLAUGHLIN et al. 


TABLE 4.— DISSOCIATION DATA FOR 


N-METHYLTRIMETHYLENIMINE : TRIMETHYLBORON 





Dissociation constant 
K (atm) 


Pressure 
(mm) 


Temperature 
(°C) 


14-299 mm B(CH,),; and 14-099 mm N-methyltrimethylenimine at 0°C 


89-8 
94-7 
99-7 
104-6 
109-5 
114-5 
119-5 
124-5 


— 3832 
—— + 8-739 
T 


log K = 
28-862 
30-286 
31-772 
33-150 
34-530 
35-840 
37-013 
38-155 


0-0153 
0-0206 
0:0289 
0-0393 
0:0537 
0-0726 
0-0953 
0-126 


14-918 mm B(CH;); and 14-604 mm N-methyltrimethylenimine 


— 3863 


log K = + 8-828 


29-975 
30-888 
31-856 
33-064 
34:557 
36°012 
37-348 
38-098 
39-040 
39-675 





TABLE 5.—SATURATION PRESSURES OF N-METHYLPYRROLIDINE: TRIMETHYLBORON 





Melting point: 45-4—46-4°C 
Saturation pressure equation (liquid): 


— 3541 


log P + 11-376 


49-9 
8-29 


40:5 
3-86 

64-9 

25:32 


24-7 
0-85* 

59:9 

18-11 


45:5 
5-74 

69-9 

35-17 


Temperature (°C) 
Pressure (mm) 
Temperature (°C) 
Pressure (mm) 





solid: ¢ supercooled liquid. 
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TABLE 6.— DISSOCIATION DATA FOR N-METHYLPYRROLIDINE : TRIMETHYLBORON 





Temperature Pressure Dissociation constant 
(°C) (mm) K (atm) 


17-928 mm B(CH3)3 and 18-121 mm N-methylpyrrolidine at 0°C 


84-9 0-203 
89-8 0-250 
94-7 0-298 
94:8 0-313 
99-7 0-347 
104-6 227 0-441 
109-5 . 0-519 
114-5 . 0-645 
124-4 0-957 


17-611 mm B(CH3)3 and 17-712 mm N-methylpyrrolidine at 0°C 


— 2266 
log K 7 + 5-620 


43-479 
44-475 
45-514 
46:324 
47-221 
48-051 
48-860 
49-690 
50-445 





TABLE 7.—SATURATION PRESSURES OF N-METHYLPIPERIDINE : TRIMETHYLBORON 





Melting point: 28-29°C 
Saturation pressure equation (liquid): 


— 2839 
log P = ——— + 10472 


Temperature (°C) 10-1 12:1 20-0 35-8 40-0 
Pressure (mm) 1:97* 2-40* 5-10* 19-07 25-46 
Temperature (°C) 44:9 49-9 55-0 
Pressure (mm) 35-11 48°51 65:54 
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TABLE 8.—DISSOCIATION DATA FOR N-METHYLPIPERIDINE: TRIMETHYLBORON 





1540 
log K —_— +- 3-794 
T 


Temperature Pressure Dissociation constant 
(°C) (mm) K (atm) 








18-914 mm B(CH;)3; and 18-777 mm N-methylpiperidine at 0°C 


69-9 44-494 0-201 
74:9 45-483 0-239 
79:9 46°351 0-269 
84:8 47-250 0-313 
89-8 48-117 0-357 
94-7 48-916 0-396 
100-0 49-799 0-451 
110-0 51-505 0-607 
114-5 $2°213 0-670 





stituted and the corresponding N-methyl cyclic imines of Table 9. In the absence 
of any steric effect, the inductive effect of the methyl group would be expected 
to increase the basicity of the imine, but only in the case of the 3-membered ring 
does methyl substitution on the nitrogen result in an increase in AH”*. For the 


TABLE 9.—THERMODYNAMIC DISSOCIATION DATA FOR ADDITION COMPOUNDS 
OF N-METHYL CYCLIC IMINES WITH TRIMETHYLBORON 





AH° Kyo AF 00 AS° 


This research: (kcal/mole) (atm) (cal/mole) (e. u.) 


N-methylethylenimine: 

B(CH3); 1852402  0:0300 2601 + 42:7 + 0-6 
N-methyltrimethylenimine: 

B(CH3)3 17-61+02 0-0298 4 40:2 + 06 
N-methylpyrrolidine: 

B(CH3)3 + Q- 0-363 52 4 26°6 + 0-6 
N-methylpiperidine: 

B(CH3)3 ‘05 + 0: 0-465 7 17-4+ 0-6 


BROWN and GERSTEIN"?: 


Ethylenimine: B(CH3); 17-59 + 0-1 0-0284 2640 40:1 
Trimethylenimine: B(CH3); 22°48+0-5  0-000322 5960 44:3 
Pyrrolidine : B(CH3)3 20-43+02 0-00350 4190 43-5 
Piperidine: B(CH3)3 19-65 + 0-1 0-0210 2864 45-0 





other ring compounds, N-methyl substitution results in a decrease in AH”®, the 
decrease being smallest for trimethylenimine and largest for piperidine. The numerical 
changes in AH” upon N-methyl substitution in the various rings are as follows: 
3-, A( AH°) = 0-9 kcal/mole; 4-, A( AH°) = -4-9 kcal/mole: 5-, A(AH°) = —9:8 
kcal/mole; 6-, A( AH°) = —12:6 kcal/mole. 
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These differences could be attributed solely to steric factors providing that the 
inductive effect of the methyl group remains the same in all ring sizes. Inasmuch 
as the interaction between a substituent and the ring is surely mutual, the change 
in electron distribution of the ring atoms as the ring size changes perhaps results 
in a change in inductive effect. The proton magnetic resonanse spectra of the N-methyl 
protons in the N-methyl cyclic imines show small variations with ring size, but 
the data may be difficult to evaluate in terms of a single variable. Table 10 shows 
the proton magnetic resonance data obtained by RUTLEDGE”) for the cyclic imines 
and the N-methyl cyclic imines. These data do not constitute proof that the inductive 
effect varies with ring size but are cited as an indication that this effect may exist. 
However, for the present study on the interaction with trimethylboron, the steric 
factor certainly predominates, so that the relative A( AH°) values can be taken 
as a measure of the change in the steric influence of the N-methyl group with change 
in ring size. 


TABLE 10.—PROTON MAGNETIC RESONANCE CHEMICAL SHIFTS IN THE 
CYCLIC IMINES‘*? 





Chemical shift 


a-CH, | §8-CH2 N-H 
Ethylenimine 0-35 0-35 
Trimethylenimine (—0-26)* (—0-18)* 0-29 
Pyrrolidine 0-23 —0-33 —0:27 
Piperidine —0-26 0-37t -0-33 


a-CH> 8-CH> N-CH; 


N-methylethylenimine —0-37 0-27 
N-methyltrimethylenimine —0-22 0-32 0-31 
N-methylpyrrolidine 0:28 0-31 0-28 
N-methylpiperidine 0-28 0:28t 0-28 





* Trimethylenimine exhibits a very complex spectrum and the assignments are only tentative. 
2- and y-CH) 


Futher evidence of this large steric interference in the trimethylboron addition 
compounds can be obtained from a comparison of the effect of N-methyl substitu- 
tion in the cyclic imines using a less bulky reference acid. In hydrogen bonding 
studies using CH,OD as an electron acceptor, it was observed that N-methyl 
substitution causes an increase in donor ability for all ring sizes. Evidently, the 
inductive effect of the N-methyl group in the cyclic imines is quite marked, but 
even in hydrogen bonding there may be some steric interaction since the change 
in OD shift upon N-methyl substitution is 48, 34, 30 and 28 cm~' for the 3-, 
4-, 5- and 6-membered ring, respectively. 
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A case in which steric effects may be somewhat more important than in hydrogen 
bonding is the rate of quaternization’”) of the N-methyl cyclic imines with methyl 
iodide where a rate order of 4- > 5- > 6- > 3-membered ring was observed. 
If the rate of quaternization can be simply related to the electorn donor ability of 
the imine, then the order is slightly different from that found in the hydrogen bond- 
ing and proton transfer studies, ie. 5- > 4- > 6-> 3-membered ring. Per- 
haps, a greater steric factor in the 5— relative to the 4-membered ring in the rate 
study has caused the reversal of these two ring sizes. Some steric interaction of 
the N-methyl group with methyl iodide is not unreasonable in view of the very large 
steric effects observed toward trimethylboron. However, it may also be that solva- 
tion energies are influencing the results. 

It seems to be true in a number of molecular addition compounds that a higher 
enthalpy of dissociation is associated with a higher entropy of dissociation. The 
linearity between the enthalpy and entropy of dissociation for a series of related 
complexes has been observed in several investigations, for example, in the complexes 
of iodine" and iodine monochloride® with substituted benzenes and in the iodine 
complexes of various ethers."°'") An interpretation which has been offered is that 
the motion of the two components of the complex, relative to each other, becomes 
more restricted as the strength of the interaction or the enthalpy term increases. 
In Fig. 5, the AH® versus the AS° values for the N-methyl cyclic imine : trimethy]l- 
boron addition compounds of this investigation are plotted. As the figure shows, 
a linear relation exists, yet steric factors are obviously quite large. It seems that 
the steric factor is of a type which prevents the close approach of the trimethylboron 
molecule and, therefore, results in a lowering of the AH® term as well as the AS°. 

It has been proposed that saturation pressures could be used as a measure of 
relative stability of addition compounds if they are of similar structure and molecular 
weight.'?) BROWN and GersteIN'”) extrapolated the saturation pressure data of 
the cyclic imine : trimethylboron addition compounds to obtain hypothetical “boil- 
ing points” of the addition compounds and found an order of “boiling points” 
of 4-(201-4°C)> 5-(191-3°C)> 6-(176-5°C)> 3-(159-5°C) membered ring, which 
is the same as the order of relative stabilities. If the saturation pressure data 
for the N-methyl cyclic imine : trimethylboron addition compounds are extra- 
polated to obtain “boiling points”, the order found is 4-(149°C)> 5-(121°C)> 
6-(100°C) membered ring. No saturation pressure data for ethylenimine : tri- 
methylboron was obtained for the liquid phase, but if the data for the solid are 
extrapolated to a pressure of 760 mm, a temperature of 139°C is found. It seems 
most probable that the value for the liquid would be enough higher than 139°C to 


7) S. SEARLES, F. BLock and M. Tamres, Paper presented at Southwest Regional Amer. Chem. 
Soc. Meeting, Tulsa, Oklahoma, December, 1957. 

‘8)} R.M. Keerer and L. J. ANpREws, J. Amer. Chem. Soc. 77, 2164 (1955). 

‘9 N. Ocimacuti, L. J. ANpREws and R. M. Keerer, J. Amer. Chem. Soc. 77, 4202 (1955). 

{10) Sister M. BRANDON, M. Tamres and S. Sear-es, Jr., J. Amer. Chem. Soc. 82, 2129 (1960). 

11) M. Tamres and Sister M. BRANDON, J. Amer. Chem. Soc. 82, 2134 (1960). 

(2) H.C. Brown and H. PEearsA.Lt, J. Amer. Chem. Soc. 67, 1765 (1945). 
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make it the highest of the series; and hence, the order is the same as the order of 
stabilities. The criterion of saturation pressures as a measure of relative stability 
applies, then, to the series of N-methyl cyclic imine addition compounds, and it 





AH? (kcal. / mole) 





3) 40 
OS° (eu) 


Fic. 5. — AH® vs. AS° for the N-methyl cyclic imine:trimethylboron addition compounds. 
1. N-Methylethylenimine :B(CH3); 
. N-Methyltrimethylenimine: B(CH 3); 
3. N-Methylpyrrolidine: B(CH3)3 
. N-Methylpiperidine : B(CH3)3 


applies further in the sense that the decrease in stability upon methyl substitution 
does lead to a decrease in “boiling point” of the addition compound. 
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HEXAHALOGENOTITANATES 


G. W. A. Fow es and D. NICHOLLS 
Department of Chemistry, University of Southampton 
(Received 24 March 1960) 


Abstract—A systematic study has been made of the methods that can be used for preparing pure 
hexahalogenotitanates, and the relative merits of the various procedures evaluated. 

The following compounds have been prepared: - (AH)2TiCl¢, with A = NH3, (CH3)3N, 
(CH3)2NH, CH3NH3, CsHsN, and CoH2N; (BH) 2TiBrg, with B NH;3, CsHsN, and CgHN. 
The preparation of hexaiodotitanates and mixed hexahalogenotitanates has also been attempted. 


THE titanium(LV) halides behave as Lewis acids, and readily accept electrons from 
halide ions. vis. TiX, — 2X (TiX,]’-. Numerous fluorides, M,TiF,, have been 
prepared and characterized, but the remaining halides are readily hydrolysed and 


their preparation in a pure state is more difficult. The several methods that have 
been used for the combination of the titanium(IlV) halides with metal halides or 
ammonium halides include direct combination at elevated temperatures, as well as 
interaction in both protonic and aprotic solvents. We have examined each of these 
methods to some extent, and in this paper we correlate our results with those of 
earlier workers and discuss the relative merits of the various methods. 


Direct thermal combination 

FIREMAN" examined the direct reaction between titanium(IV) chloride and am- 
monium chloride and reported the formation of a double salt of unspecified composi- 
tion, but in analogous experiments with alkali metal chlorides EHRLICH and FramM”? 
observed little interaction at 300°, a result which is not unexpected in view of the 
involatility of the alkali metal chlorides. Since the ammonium halides are quite 
volatile at 300° it seemed reasonable to suppose that they would react with titanium 
([V) halides, but we were unable to prepare any of the hexahalogenotitanates by 
this approach. Titanium(IV) iodide for instance did not appear to react, titanium(1V) 
bromide reacted only slightly, and even though titanium(IV) chloride reacted to a 
noticeable extent the product was contaminated by side products. Such direct thermal 
combination methods are evidently unsuitable. 


Reactions in protonic solvents 


Preparations are more likely to be successful in aqueous media, since it is known 
from Raman spectra”? and viscosity studies that a solution of titanium(IV) chloride 


‘) P. FireMaNn, J. Amer. Chem. Soc. 26, 744 (1904). 
*) P. ExrvicH and E. Framm, Z. Naturf. 9, B, 326 (1954). 
‘9) M.E. P. Rumer, C. R. Acad. Sci., Paris 202, 950 (1936). 


[130] 
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in concentrated hydrochloric acid contains the hexachlorotitanate ion, [TiCl,}*~ ; 
analogous bromo and iodo ions appear to be present in solutions of titanium(IV) 
bromide and titanium(IV) iodide in hydrobromic and hydriodic acid respectively. 
Although none of the free acids, H,TiX,, can be isolated, many salts of the chloride 
or bromide can be prepared by the addition of metal chlorides or bromides, especially 
on saturation of the solution with the appropriate hydrogen halide. We found that 
diammonium and dipotassium hexachlorotitanate([V) and diammonium hexabromo- 
titanate(I[V) could be readily precipitated in this way, although neither of the disodi- 
um salts could be made because of the insolubility of the sodium halides in the 
appropriate concentrated acid. We were unable to obtain any of the hexaiodotitan- 
ates; thus the admixture of solutions of titanium(IV) iodide and ammonium iodide 
in hydriodic acid saturated with hydrogen iodide at 0° gave no solid deposit even on 
prolonged standing followed by the addition of ether. Similar attempts to prepare 
hexaiodotitanates of organic bases lead to the liberation of free iodine. 

Even when compounds are readily deposited from concentrated acid solutions, 
it is difficult to isolate them in a pure anhydrous form, owing to their ready 
hydrolysis. 

After filtration, the crystals are moist with concentrated acid, and evacuation 
results in the loss of hydrogen halide, leaving the constant-boiling acid which causes 
surface hydrolysis. 

The diammonium hexachloro- and hexabromotitantes(I[V) have long been sup- 
posed to be dihydrates,“® although the anhydrous salts have recently been prepa- 


red.” In view of our various experiments it is apparent that the so-called dihy- 


drates are really hydrolysed rather than hydrated. Although JANDER® obtained 


anhydrous diammonium hexabromotitante(IV) by washing out the aqueous hydro- 
bromic acid with anhydrous ether, we still obtained an appreciable amount of 
hydrolysis when using this procedure with a range of compounds. 

We accordingly examined other solvents. Thionyi chloride appeared to be the 
ideal choice for the hexachlorotitantes, because it interacts with water to give gase- 
ous hydrogen chloride and sulphur dioxide, neither of which attacks the products. 
Traces of thionyl chloride remained associated with the products, however, even 
after prolonged evacuation, and so we used a 5 per cent solution of thionyl chloride 
in ether, and washed away any excess of thionyl chloride with anhydrous ether. 
By this method we were able to prepare the diammonium and dipotassium hexa- 
chlorotitante([V) in an anhydrous form. 

Thiony! chloride could not be used with the hexabromotitantes, and while thionyl 
bromide would probably do, this substance was not readily available; we found 
bromine to be satisfactory for washing out aqueous hydrobromic acid from diammo- 
nium hexabromotitanate(IV). 


‘) M. E. P. Rumpr, Ann. Chim. 8, 456 (1937). 

(5) A, ROSENHEIM and O. Scuitre, Z. Anorg. Chem. 26, 245 (1901). 

{8} N,V. SmpGwick, Chemical Elements and their Compounds. Oxford (1950). 
(7) J. WERNET, Z. Anorg. Chem. 272, 279 (1953). 

{8} J. JaNDER, Z. Anorg. Chem. 294, 181 (1958). 
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Preliminary experiments showed that the hexachloro- and hexabromotitanates 
of many organic bases, including ethylenediamine, pyridine, quinoline and methyla- 
mine, could also be prepared from aqueous solutions, but anhydrous ethanol 
(saturated with hydrogen chloride or hydrogen bromide) proved to be a far more 
convenient solvent. From reactions in this medium we have prepared in a pure 
state the compounds A,TiCl, (with A = trimethylammonium, dimethylammonium, 
pyridinium and quinolinium) and B,TiBr, (with B = pyridinium and quinolinium). 
Attempts to prepare hexaiodotitanates again lead to the liberation of iodine. 

Bye and Haegi” recently prepared a number of tetrachlorodibromotitanates, 
C,TiCl, Br. (with C = tetraethylammonium, triethylammonium, diethylammonium, 
pyridinium, and quinolinium) by mixing solutions of titanium(IV) chloride and the 
amine hydrobromide in chloroform in a 1:2 1atio. We prepared the pyridinium salt 
in ethanol, by dissolving titanium(IV) chloride, adding pyridine and passing excess 
of hydrogen bromide through the solution. It is interesting to note, moreover, that 
even on prolonged exposure to hydrogen bromide none of the four chlorine atoms 
were displaced. In analogous experiments using solutions of titanium (IV) bro- 
mide and titanium (IV) iodide and passing hydrogen chloride gas, the product was 
almost pure dipyridinium hexachlorotitanate. Thus, as expected, the hexahalo- 
genotitanates are labile, and chloride ion readily displaces the bromide or iodide 
ion present in the initially formed mixed hexahalogenotitanates. 


Reactions in aprotic solvents 


Several aprotic solvents appear to be suitable for the preparation of hexachloro- 
titanates, especially since quarternary ammonium chlorides are usually soluble in 





Solvent | Product Reference 





ICI K>5TiCl¢ 10 
BrF 3 K>TiF¢ 11 
C.gHsCOCI (Et4gN)2TiCl, 12 
CH;COCI (Me3NCH>Ph)TiCl, 13 
AsCl; (Me4N)2TiCl¢ 14 
POCI,; (Me4N)2TiCl¢ 15 
SO>Cl, (PCl4)2TiCl,¢ 16 
NOCI (NO)2TiCl¢ 17 
SeOCl> (SeOC])2TiCl¢ 18 








®) J. Bye and W. Hasai, C. R. Acad. Sci., Paris 236, 381 (1953). 

®) VY. GUTMANN, Z. Anorg, Chem. 264, 151 (1951). 

. G. SHarpe, J. Chem. Soc. 2907 (1950). 

. GUTMANN and H. TANNENBERGER, Monatsh. 88, 292 (1957). 

. GoyaL, R. C. Paut and §. S. SANDHU, J. Chem. Soc. 322 (1959). 

. GUTMANN, Z. Anorg. Chem. 266, 331 (1951). 

. GUTMANN, Z. Anorg. Chem. 270, 179 (1952). 

. GUTMANN, Monatsh. 85, 393 (1954). 

. B. BurG and G. W. CampBELL, J. Amer. Chem. Soc. 70, 1964 (1948). 
. B. L. Smrtu, Chem. Rev. 23, 165 (1938). 
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such media, and the table gives those solvents that have been examined by other 
workers, together with a typical product formed in each solvent. 

It should perhaps be emphasized that quite a number of the compounds listed 
in the table have not teen isolated from solution in a pure state, even though their 
presence has been established by conductivity studies. Moreover, many of the 
reactions are complicated by solvation and the formation of acid salts, e.g. in 
acetyl chloride 

B,TiCl, + (CH;CO),TiCl, -> 2(:BCH,CO)TiCl,, where B represents a quarternary 
ammonium cation. In general, the organic base hexachlorotitanates are best prepared 
in ethanolic hydrogen chloride. 

We have examined the interation of ammonium chloride and titanium(IV) 
chloride in thionyl chloride, sulphuryl chloride and chlorobenzene, but obtained 
little conversion to the hexachlorotitanate, presumably because of the low solubility 
of ammonium chloride in these solvents. 

We found that bromine could be used for the preparation of diammonium hexa- 
bromotitanate (IV). 

All the hexahalogenotitanates prepared were readily hydrolysed in moist air and 
in water gave colourless solutions which deposited “Ti(OH),” only when the pH was 
raised. 


EXPERIMENTAL 


Analysis 


Titanium, chlorine and bromine were determined gravimetrically as titanium dioxide, silver 
chloride and silver bromide respectively. Nitrogen was estimated by distillation as ammonia or 
free amine into standard sulphuric acid, followed by back titration with standard sodium hydroxide. 


Starting materials 


Titanium (IV) chloride was purified by refluxing with copper turnings. Titanium (IV) bromide 
and titanium (IV) iodide were prepared as previously described."'® 


Preparation of hexahalogenotitanates by the thermal combination of ammonium and titanium (IV) 
halides 


Sealed thick-walled Pyrex tubes containing the ammonium halide and excess of the appropriate 
titanium (IV) halide in vacuo were heated for several hours, and after cooling, they were opened 
and the reaction mixture extracted with anhydrous 2:2:4-trimethylpentane to remove the excess 
of titanium (IV) halide. The residue was kept in vacuo for several hours at 60° and then analysed. 

There appeared to be no reaction between titanium (IV) iodide and ammonium iodide on heat- 
ing to 350°. In the analogous reaction of titanium (IV) bromide and ammonium bromide at 300° 
a dark red solid was obtained with composition Ti, 1-46; N, 13-0; Br, 82:5, corresponding to 
Ti:N:Br = 1-00:30-4:33-8, showing that the product is largely unchanged ammonium bromide. 

Titanium (IV) chloride and ammonium chloride did not react at 250°, but at 350° some reaction 
occurred with the formation of a greenish-black product; the residue largely dissolved in water, 
but an appreciable number of black particles would not dissolve even in hot 50 per cent sulphuric 
acid. 


"9 G.W.A. Fow es and D. NIicHo.ts, J. Chem. Soc. 990 (1959). 





134 G. W. A. Fowtes and D. NICHOLLS 


Preparation of hexahalogenotitanates in protonic solvents 

Various hexachlorotitanates were prepared by dissolving titanium (IV) chloride and the metal 
chloride (TiCl4: MCI > 1:2) in hydrochloric acid of a strength such that no precipitation took 
place, saturating the solution with hydrogen chloride gas and cooling to 0°; pale yellow crystals 
separated out. Hexabromotitanates were prepared by the analogous procedure using titanium (IV) 
bromide, the metal bromide, aqueous hydrobromic acid and hydrogen bromide gas. 

The compounds precipitated most readily when the stronger organic bases were used, e.g. 
quinoline and pyridine. In a few instances the alkali metal or amine hydrochloride was precipitated 
upon saturation of the mixture with hydrogen chloride and consequently no hexachlorotitanate 
could be isolated, e.g. with NaCl and N,H,2HCI. 

Although these salts were easily precipitated they could not readily be isolated in a pure state, 
because simple filtration'’®®) on a sintered glass disk followed by washing with saturated hydro- 
chloric or hydrobromic acid and pumping in vacuo gave products that were extensively hydrolysed. 
Thus dipyridinium hexachlorotitanate (IV) prepared in this way had the composition Ti, 16°8; 
Cl, 40-9 ((CsHsNH).TiCl¢ requires: Ti, 11-4; Cl, 50-6 per cent). Attempts were made to wash out 
the aqueous acid with diethylether and methanol, but appreciable solvolysis still occurred. Hydro- 
chloric acid was removed successfully, however, by washing the crystals first with a 5 per cent 
solution of thionyl chloride in ether, and finally with dry ether. The thionyl chloride solution was 
added to the crystals on the glass sinter in small portions (5 ml) until upon further addition no 
effervescence occurred, i. e. all the water had been removed. In this way the use of a large excess 
of thionyl chloride was avoided. The pure diammonium and dipotassium hexachlorotitanates (IV) 
were prepared in this way. 


(Found: Ti, 16:2; N, 9-40; Cl, 71-7. Calc. for (NH4)2TiCl,: Ti, 16-14; N, 9-44; Cl, 71-70 per cent). 
(Found: Ti, 14-3; Cl, 63-2. Calc. for. K2TiClg: Ti, 14:1; Cl, 62:8 per cent). 


The thionyl chloride treatment was not satisfactory for the organic base hexachlorotitanates, 
and the best wash liquid found was a 1:1 mixture of ether and concentrated hydrochloric acid. This 
was followed with a final wash with anhydrous ether and the crystals were dried in vacuo. Thus 
bis-(methylammonium) hexachlorotitanate (IV) was obtained as amber-yellow crystals. (Found: 
Ti, 15-0; N, 8-70; Cl, 65-2. Cale. for (CH3NH3)2TiCl¢:Ti, 14-8; N, 8-60; Cl, 65-5 per cent). 

Anhydrous bromine was the best solvent for the removal of hydrobromic acid from hexabro- 
motitanates. A typical analysis of the lustrous black crystals of the diammonium salt gave: Ti, 
8-59; N, 5-01; Br, 84-8. (NH4)2TiBre requires: Ti, 8-50; N, 4:98; Br, 85-1 per cent. 

Various substituted ammonium salts were prepared in anhydrous ethanol. A solution of the 
free amine was added to the solution of the titanium (IV) halide until it became almost colourless, 
hydrogen halide was passed through the cooled solution and the crystalline product filtered in 
vacuo and washed with anhydrous ethanol. The table shows analytical figures obtained for various 
products. 





Ti(%) X(%) (X = Cl or Br) 
Compound Colour —- — - —— 
Found 
[((CH3);NH]pTiCl, yellow | 56-0 
[((CH3)2NH))2TiCl, yellow | $98 
[(CsHsNH]2TiCl, yellow 50-5 
[(CoH7NH]TiCl, yellow | | 409 
[(CsHsNH]2TiBr¢ | dark red . ; 70-0 
[(CgH7NH)]2TiBrg | dark red | . | 60-6 








#0) G. W. A. Fow es and C. M. Preass, J. Chem. Soc. 1674 (1957). 
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When the analogous reactions of titanium (IV) iodide were carried out, dark coloured crystals 
were obtained, but these were not pure hexaiodotitanates, and they always contained free iodine. 

Attempts were also made to prepare mixed hexahalogenotitanates, by treating an ethanolic 
solution of titanium (IV) chloride and pyridine with hydrogen bromide at 0°. The maroon crystals 
so formed contained both chlorine and bromine. [Found: Ti, 9%1 per cent; Cl: Br = 2:10: 1-00, 
corresponding to (CsHsNH)2TiCl4.96 Brj.94 (this requires Ti, 9-45 per cent)]. With this compound 
the total halogen was determined, and the Cl: Br ratio obtained on the assumption that Ti: Cl + 
Br = 1-00: 6-00. 

When the analogous reaction was carried out using titanium (IV) bromide and hydrogen chloride, 
the orange crystals thus formed contained almost no bromine. [Found: Ti, 11-2; Cl: Br = 25-10: 
1-00, corresponding to (CsHsNH) TiCls.77 Bro.23 (this requires Ti, 11-1 per cent)]. 

Saturation of an ethanolic solution of titanium (IV) iodide and pyridine with hydrogen chloride 
gave yellow-brown crystals, which contained only a trace of iodine, and appeared to be fairly pure 
dipyridinium hexachlorotitanate. (IV). Found: Cl, 50-4 per cent. 


Preparation of hexachlorotitanates in aprotic solvents 

(i) In sulphuryl chloride. A sealed glass ampoule was prepared containing ammonium chloride 
and an excess of titanium (IV) chloride dissolved in sulphuryl chloride. After the ampoule 
had been vigorously shaken for 2 hr at room temperature, it was opened, and the yellow 
residue was filtered off in vacuo, and then pumped under high vacuum for some hours. 
(Found: Ti, 4-11; N, 21-6; Cl, 66-8 per cent, corresponding to Ti: N: Cl = 1-00: 18-01: 
21-98). This is equivalent to a mixture of 16-01 moles NH4Cl and one mole (NH4)2TiCls.97, 
showing that only a small amount of diammonium hexachlorotitanate (1V) was prepared 
under these circumstances. 
Thionyl chloride and chlorobenzene. A similar low conversion occurred in these solvents 
even after refluxing for several hours. Attempts to separate the components of the mix- 
ture by vacuum sublimation were unsuccessful. 
Bromine. Since titanium (IV) bromide can be readily prepared from titanium metal in this 
solvent, it was easy to reflux exactly one mole of titanium (1V) bromide with two moles 
of ammonium bromide, the bromine being carefully dried before use. The dark-red product 
was filtered, washed with 2:2:4-trimethylpentane and dried in vacuo prior to analysis. 
(Found: Ti, 9-05; N, 4-90; Br, 83-6. Calc. for (NH4)2TiBr¢: Ti, 8-50; N, 4-98; Br, 85-1 per 
cent). Despite careful precautions, a small amount of hydrolysis evidently occurred. 
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HEXACHLOROZIRCONATES 


J. E. Drake and G. W. A. FOWLES 
Department of Chemistry, The University, Southampton 


(Received 31 March 1960) 


Abstract- A number of hexachlorozirconates [(AH)2ZrCle6, with A = CzHsNH>, (CH3)2NH, 
(C2Hs5)2NH, (CH3)3N, and (C2Hs5)3N] have been prepared in a pure anhydrous state, and their 
thermal stability has been examined. These compounds have been allowed to react with aliphatic 
amines (A); no reaction was observed with tertiary amines, very slow solvolysis occurred with 
secondary amines, and ethylamine forced the complete replacement of one chlorine atom from 
the hexachlorozirconate ion. The results are compared with previous studies on zirconium (IV) 
chloride-amine systems. 


Quite a wide range of hexachloro- and hexabromotitanates of the alkali metals 
and of organic bases has recently been prepared, under various conditions,“ and 
some reactions of these compounds have been examined. Much less is known of 
the corresponding hexahalogenozirconates. Being a typical Lewis acid, zirconium 
(1V) chloride readily accepts electrons from chloride ions, and forms the hexachloro- 
zirconate ion: 


ZrCl, + 2C1~- > [ZrCl,} - 


Thus zirconium (IV) chloride dissolves in molten chlorides of the alkali and 
alkaline earth elements, and from such melts salts such as disodium hexachloro- 
zirconate (1V) can be obtained; the presence of the hexachlorozirconate ion in the 
fluid melt has been confirmed by conductivity measurements, as well as by electro- 
lysis and phase studies. The acid, H,ZrCl,, is probably formed when zirconium (IV) 
chloride dissolves in concentrated hydrochloric acid saturated with hydrogen 
chloride, and although the free acid cannot be isolated from the solution, the caesium, 
rubidium and ammonium salts have recently been prepared” in a pure anhydrous 
state. Conductivity studies suggest that the salts (NR,),ZrCl, (R = Me and Et) 
are formed by mixing solutions of zirconium (IV) chloride and the tetra-alkylam- 
monium chloride in either phosphorus oxytrichloride or thionyl chloride, but at- 
tempts to isolate the compounds give only impure products. Anhydrous ethano] 


‘) G. W. A. Fow res and D. Nicno.ts, J. Inorg. Nucl. Chem. In press. This paper gives a full 
literature survey. 

®) W, B. BLUMENTHAL, The Chemical Behaviour of Zirconium, p. 117. Van Nostrand, New York 
(1958). This reference reviews all the evidence. 

‘9) J. E. Drake and G. W. A. Fow ets. Unpublished observations. 

‘) VY. GUTMANN and R. Himm1, Z. Anorg. Chem. 287, 199 (1956). 
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saturated with hydrogen chloride appears to be a much better medium, and it has 
previously been used for the preparation of the dipyridinium and diquinolinium 
hexachlorozirconates (IV).° 

ROSENHEIM and FRANK”? also claim to have made the dipyridinium hexabromo- 
zirconate (IV), but the analytical figures correspond to a Zr: Br: N ratio of 1-0: 
4-9: 2-3, showing that the product must be extensively contaminated by hydrolysis 
products. 

We have made several hexachlorozirconates (AH),ZrCl,, with A = C,H,NH,, 
(CH;),NH, (C,H;),NH, (CH;);N, and (C,H,),;N, and shown that they are stable 
when heated in vacuo, in one instance up to 200°. Even in dry air there was no 
obvious decomposition below 260°, although all compounds darkened between 260 
and 300°C (cf. Table 2). Comparison of the melting points of these compounds 
with those of the analogous amine hydrochlorides (cf. Table 2) shows conclusively 
that the hexachlorozirconates are true compounds, and not contaminated with amine 
hydrochloride. 

The ultra-violet absorption spectra in concentrated hydrochloric acid shows a 
rising absorption at 210 my with a shoulder in the 215-220 mu region; the extinc- 
tion coefficient cannot be evaluated with any accuracy because of the nearby rising 
absorption, but it has a value of at least 10,000. While it is dangerous to place too 
much emphasis on an absorption in this region, it is likely that it is genuine and 
of a charge-transfer type similar to that reported for the hexachlorotitanate ion 
(223 my). 

All of the hexachlorozirconates were allowed to react with the parent amines 
(i. e. (AH),ZrCl, + excess A) (cf. Table 3), and in some cases with dimethylamine 
and ethylamine (cf. Table 4) for periods up to eight weeks. 

The trimethylammonium and triethylammonium salts were insoluble in the parent 
amines, and even after contact for six weeks they could be recovered quite unchanged. 
The dimethylammonium and diethylammonium salts reacted slowly with the amines, 
and the Zr: N ratio of the product increased with the time of reaction; the ratio 
only reached 1: 2-49 with diethylamine (after eight weeks) and 1: 2°86 for dimethyl- 
amine (after six weeks), so that the reaction is both slow and incomplete. The most 
obvious explanation is that the additional nitrogen results from the slow solvolysis 
of one of the zirconium-chlorine bonds in the hexachlorozirconate ion: 

[ZrCl,]*- + 2NHR,-> [ZrCl,(NR,)}/ — + NHR,HCI. 

Since dimethylamine dissolves the hexachlorozirconate, we should expect it to 
effect solvolysis quicker than diethylamine, in which the hexachlorozirconate is 
insoluble. An alternative explanation of the uptake of amine by the hexachloro- 
zirconate is that solvation has occurred (giving (AH),ZrCl,. xA). The slow uptake 
of dimethylamine is inexplicable, however, on this basis, since the hexachlorozirco- 
nate is completely soluble in the amine, and solvation would be complete as soon 
as the salt had dissolved. 

‘) A. ROSENHEIM and P. FRANK, Ber. Dtsch. Chem. Ges. 38, 812 (1905). 
‘*) D. C. BRADLEY, F. M. ABD-EL-HALIM, E. A. SADEK and W. WarRDLAw, J. Chem. Soc., 2032 

(1952). 
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The ethylamine salt reacted relatively quickly with ethylamine to give a product 
of overall composition Zr: Cl: N = 1-00: 6-00: 4-03, suggesting that one chlorine 
atom had been completely replaced by an amine residue: 


[C,H,NH,],ZrCl, + 2C,H,;NH,>[C)H,NH,}[ZrCl,(NHC,H,)] + C,H;NH,.HCl. 


This reaction is analogous to that in which the chlorine can be replaced by an ethoxy 
group when an ethanolic solution of dipyridinium hexachlorozirconate (IV) is reflux- 
ed with sodium ethoxide; it is interesting to see that solvolysis with amines occurs 
more readily than with alcohols. 

Another possible way of considering the reactions of the hexachlorozirconates 
is to suppose that they initially break down into zirconium (IV) chloride and the 
amine hydrochloride, which then react with the amine. A similar breakdown has 


been postulated in reactions of the hexabromostannates (I1V) with ammonia.” 


TABLE 2 





m. p. of correspond- 
Compound Observation ing amine hydro- 
chloride (°C) 


[((C2Hs)NH3)}>ZrCl¢ slight white sublimate 108 
solid darkens 
solid melts to black liquid 
[((CH3)2NH]}9ZrCle melts 
° liquid turns black 
[(C2H5)2NH]2ZrCl¢ melts 220 
liquid turns black 
[((CH3)3NH]}ZrCl¢ slight white sublimate 240 
solid“ darkens (sublimes) 
solid melts to black liquid 
[((C2H5)3NH]9ZrCl¢ slight white sublimate 254 
solid darkens 
° solid melts to black liquid 





However, it is apparent that such a breakdown does not occur with the hexachloro- 
zirconates because the products obtained differ from those formed when zirconium 
(IV) chloride reacts with amines. Thus zirconium (IV) chloride forms simple 1:2 
adducts with trimethylamine, dimethylamine, and diethylamine, the latter product 
being soluble in benzene (and monomeric™), and undergoes solvolysis in ethylamine 
to give the benzene-soluble product ZrCl,(NHEt).NH,Et. None of the products 
formed by the hexachlorozirconates are soluble in benzene and none have the com- 
position predicted for products formed from a mixture of zirconium (IV) chloride 
and the amine hydrochloride. 


) E. BANNISTER and G. W. A. Fow es, J. Chem. Soc. 4374 (1958). 
(8) J. E. Drake and G. W. A. Fow tes, J. Chem. Soc. In press. 
(9) J. E. Drake and G. W. A. Fow es. Unpublished observations. 
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When the amine salts ((AH),ZrCl,) were reacted with different amines, B, 
(= C,H,NH, and (CH,),NH) solvolysis again took place, the extent increasing with 
time. The amount of solvolysis clearly depends on the nature of the reacting amine, 
and it is independent of which hexachlorozirconate is being used. 

While dimethylamine and ethylamine effect solvolysis of the hexachlorozirconate 
ion, it is apparent that amine B also displaces amine A from the substituted am- 
monium ion almost quantitatively (cf. Table 4). 
viz: (AH),ZrCl, + 2 B>(BH,)ZrCl, + 2 A. 


TABLE 3.—REACTION OF HEXACHLOROZIRCONATES WITH PARENT AMINES 





Salt Product a! 


; Reaction time . ———— ---! 
(AH)sZ Cl | Comments* 


and conditions 





dy. (w.b.*) | 1:00 : 6:00 : 3-41 | White solid, 
3 dy. (amp.) 3 1:00 : 5-95 : 3-39 soluble in ethyi- 
5S dy. (amp.) | 1:00 : 6:04 : 3-94 amine, m. p 
wk. (amp.) 1-00 : 6:00 : 4-03 104-108 





| White solid, 
soluble in 
dimethylamine. 


(CH3)2NH dy. (w.b.) 1-00: 6:00: 
dy. (amp.) 1:00: 6:10: 
wk. (amp.) ie 1-00 : 6:07: 
wk. (amp.) 1:00: 5-95: 





onn 
aA oo 


YVNNN 


+——__ — -——-- > 





Very light 
brown solid, 


(C>H5)3NH | 1 dy. (w.b.) 1-00: 6:00: 
dy. (amp.) " 1:00: 5-88: 
wk. (amp.) | 1-00: 5-95: insoluble in 

3 wk. (amp.) | ] 1-00 : 5-94: 2: diethylamine 


| 
| 
| 





dy. (w.b.) 1-00 : 6:00 : 2:00 Insoluble in 
wk. (amp.) 2 1-00 : 5-92: 2- trimethylamine 





dy. (w.b.) ‘00 : 6-00 : 2-00** Insoluble in 
wk. (amp.) | 41:5 5: 00 : 5:90: 1- trimethylamine 
wk. (amp.) 175 40°8 








* None of the products were soluble in benzene 
w.b weighed bulb; amp ampoule; dy. = day; wk. 
No weight change 


In the reactions studied, amine B was smaller and more basic than amine A, so we 
should expect this displacement. To prove this point we reacted the amine hydro- 
chlorides (AHCI) with amines (B), (cf. Table 5), and in every case we obtained 
100 per cent replacement of A by B. 
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EXPERIMENTAL 


Materials. Zirconium (IV) chloride (99-5 per cent purity) was kindly supplied by the Titanium 
Manufacturing and Alloy Co., Ltd., (U.S. A.). Ethanol was of the anhydrous A. R. quality. Amines 
used for the preparation of the amine salts were the purest grade available commercially, but they 
were not otherwise purified. The amines used in studying the reactions with the hexachlorozircon- 
ates were purified in the usual way. 

Analysis. Zirconium was estimated gravemetrically as the oxide, after precipitation as the hy- 
droxide, and chlorine was determined by potentiometric titration with silver nitrate solution. The 
Kjeldahl procedure was adopted for the estimation of nitrogen. 

Preparation of hexachlorozirconates. Zirconium (IV) chloride (0-055 mole) and the appropriate 
amine or amine hydrochloride (0-1 mole) were dissolved in ethanol, and the solutions saturated 
with hydrogen chloride before the two solutions were mixed. The white crystalline hexachloro- 
zirconates usually precipitated at this stage, but on occasion it was necessary to cool the solution 
to 0° for some hours. The products were filtered under vacuum, washed in ethanol and kept in 
high vacuum for at least 6 hr to remove traces of ethanol. Table 1 summarizes the analytical results 
obtained for various hexachlorozirconates, and for the products obtained when some of these 
campounds were heated in vacuo for 6 hr at the temperatures shown. 

Attempts were made to determine the melting points of the hexachlorozirconates (sealed tubes), 
and observations on these experiments are summarized in Table 2. 

The ultra-violet spectra of dilute solutions of several of these compounds in concentrated hydro- 
chloric acid were examined on a Unicam S. P. 500. A rising absorption was observed around 210 mu 
with a shoulder at 215-220 mu. (¢> 10,000); identical results were obtained from solutions of zir- 
conium (IV) chloride in concentrated HCI. 

Reactions of the hexachlorozirconates with amines. Reactions were studied by taking a known 
weight of the hexachlorozirconate in a jointed reaction vessel complete with stopcock, condensing 
on excess of the amine, and then removing the excess after a reaction period of a day or so. The 
amount of amine that had reacted with the hexachlorozirconate was determined by re-weighing. 
Reactions were also studied by sealing up the reactants in ampoules for a period varying from 
several days to six weeks, then opening the ampoules and pumping off the excess of amine. All 
the hexachlorozirconates were allowed to react with the parent amine, and the results of these 
studies are summarized in Table 3. 

The diethyl-, trimethyl- and triethylammonium salts were reacted with dimethylamine, and 
the triethylamine salt with ethylamine; the results are given in Table 4. 

The interaction of several amine hydrochlorides with amines was studied by sealing up the 
reactants in an ampoule for several days, then taking off the excess of amine under vacuum and 
analysing the residue. Table 5 summarizes the results which show that in all experiments the amine 
originally forming the hydrochloride has been displaced from the salt. 


TABLE 5.—INTERACTION OF AMINE HYDROCHLORIDES WITH AMINES 





~ ) 
Reaction studied Product* (°9) 


Amine 








(CH;);NHCI (CH3)2NH 
(C2Hs)3NHCI (CH3)2NH 
(C)Hs)2NH,Cl — (CH3)2NH 
(CH3)3;3NHCI C2H;sNH?2 





* Theory for (CH3)2NH2CI and C,H;NH;C!:Cl, 43-5; N, 17-2 per cent. 


Acknowledgement —We thank the Esso Petroleum Company for a maintenance grant (to J. E. D.). 
and the Titanium Manufacturing and Alloy Company for providing us with zirconium (IV) chloride, 
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Previous publications~* from this Laboratory have described phase relations in 
various fluoride systems and the techniques used to determine these relations. These 
investigations and related studies have demonstrated that UF, and ThF, can be 
dissolved in several molten fluoride mixtures for use as fissionable or fertile species 
in fused salt reactors. The chemistry of molten fluoride reactors and the possible use 
of PuF, in such a reactor have been discussed in a recent publication. There appears 
to be very little published information on the high temperature behaviour of fluoride 
mixtures containing plutonium. The study of phase relationships in the system 
LiF—PuF, covered in this paper and the determination of the solubility of PuF, in 
fused alkali fluoride—beryllium fluoride mixtures described in another paper from 
this-laboratory” are the result of a continuing effort to provide data needed to 


determine whether or not ***PuF, can be used as the fissionable species in a molten 
fluoride reactor. The thermal analysis study was supplemented by microscopic 
examination of slowly cooled fused mixtures. Thermal analysis apparatus suitable 
for operation in a glove box with 1-3g quantities of materials is described. 


EXPERIMENTAL 


Materials 

The lithium fluoride used in this investigation was optical grade material obtained from Harshaw 
Chemical Co. High-purity plutonium trifluoride was provided by the Los Alamos Scientific Labo- 
ratory. Ammonium bifluoride, added to the mixtures to avoid hydrolysis of PuF, resulting from 
the presence of small quantities of adsorbed water on the surfaces of the crystalline components, 


* Presented at the 135th Meeting of the American Chemical Society, Boston, April, 1959. 
Operated for the United States Atomic Energy Comission by the Union Carbide Nuclear Co. 
") C.J. Barton, H. A. FRIEDMAN, W.R. Grimes, H. INSLEY, R. E. Moore and R. E. THOMA, 
J. Amer. Ceram. Soc. 41, (2), 63 (1958). 

2) C.J. BARTON, W.R. Grimes, H. INSLEY, R. E. Moore and R. E. THoma, J. Phys. Chem. 62, 
665 (1958). 

‘9) R. E. THoma, H. INstey, B.S. LANDAU, H. A. FRIEDMAN and W. R. Grimes, J. Amer. Ceram. 
Soc. 42, [7] 21 (1959). 

‘) R. E. THoma, H. Instey, B.S. LANDAU, H. A. FRIEDMAN and W. R. Grimes, J. Phys. Chem. 
63, 1266 (1959). 

‘) R. E. THoma, H. INstey, H. A. FRIEDMAN and C. F. Weaver, J. Phys. Chem. In Press. 

‘*) J, A. Lang, H. G. MACPHERSON and F. MArRLar (Editors) Fluid Fuel Reactors Addison-Wesley, 
Reading, Mass. (1958). 

‘) C.J. Barton, J. Phys. Chem. 64, 306 (1960). 
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was Baker and Adamson technical grade crystals. Argon, used to provide an inert atmosphere 
within the thermal analysis apparatus while it was above room temperature, was used without 
purification because it was analysed and found to contain only a few parts per million of oxygen. 


Apparatus and methods 

The stainless steel glove box used for high temperature operations with plutonium is described 
elsewhere.) A heating well consisting of 4 in. i. d. stainless steel pipe sealed at the bottom protruded 
from the bottom of the box and was surrounded by a 2700 W, 5 in. tube furnace which heated the 
interior of the well to a maximum temperature of about 800°C. For thermal analysis studies, a max- 
imum temperature of about 1000°C was reached by use of additional heat of approximately 600 W 
provided by an uninsulated heater consisting of a ceramic cylinder 3 in. in diameter and 8 in. high 
wound with nichrome wire placed inside of the heating well around the bottom part of the thermal 
analysis apparatus shown in Fig. 1. This apparatus was more sensitive than the apparatus prev- 
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Fic. 1.—Thermal analysis apparatus. 


iously used at ORNL for thermal analysis of fluoride mixtures for two reasons. The platinum- 
platinum rhodium (13 per cent) thermocouple junction was directly immersed in the fluoride mix- 
ture instead of the earlier method of using a thermocouple shield to protect a chromel-alumel 
junction from the slightly corrosive melts. Also, the small (2 or 5 ml) platinum crucibles used to 
contain the mixtures were supported at the top, providing a minimum of material to carry off heat 
evolved by crystallization of fluoride mixtures. Sensitive apparatus was needed because it was des- 
irable to keep the quantity of plutonium-containing fluoride mixtures small, in order to minimize 
neutron production resulting from the («, 7) reaction with light elements. The sensitivity of the 
apparatus was first demonstrated by thermal analysis of 0:787 g of LiF—CeF,, (90-10, mole per cent). 
At the liquidus temperature (805°C) a halt of 1-5 min duration was observed when the mixture 
was being cooled at a rate of 4° per min while at the eutectic temperature (755°C), a 3 min halt 


‘*) R. E. THoma (Editor), Phase Diagrams of Nuclear Reactor Materials, ORNL-2548 (1959). 
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was obtained with a cooling rate of 1-3° per min. When the thermocouple-recorder (Brown 
Electronik, 300-1000°C range) combination was calibrated with 1:5 g of pure LiF (reported melting 
point 848°C)®), a 7 min halt was obtained at 848°C with a cooling rate of 2° per min. Crystalliza- 
tion continued over a period of 20 min during which the temperature dropped to 844°C, presumably 
due to lack of sufficient heat from crystallization of the small amount of LiF to hold the temperature 
constant with this cooling rate. In another test, the recorder read 850°C at the LiF freezing point 
while the temperature indicated by a portable potentiometer was 846°. 

Argon was introduced into the apparatus through one of the 1/4 in tubes (shown in Fig. 1) 
while the beaded thermocouple wires passed through the other tube to a gas-tight “Conax” seal* 
or Teflon plugt above the flanged top of the apparatus. It was found necessary to adjust the posi- 
tion of the crucible while empty, in order to insure location of the thermocouple junction in the 
optimum position, about 1/16 in above the center of the bottom of the crucible. Weighed portions 
of LiF, PuF, and NH,F.HF were carefully transferred to the crucible from plastic vials or a 
counter-balanced weighing pan having a tapered end. The crucible and holder were then placed inside 
of the bottom shell of the apparatus containing a nickel liner and closure was effected by tightening 
nuts on 3/8 in bolts. The apparatus was placed in the heating well on the bottom of the glove box, 
connected to inlet and outlet lines through 1/4 in “Swagelok” connectors, evacuated and filled 
with argon. A slow flow of argon was allowed to pass through the apparatus while it was being 
heated, slowly at first in order to decompose the NH4F.HF without loss of LiF or PuF3, and 
then more rapidly to a maximum temperature 25-150°C above the liquidus temperature of the 
mixture under test. Cooling rates of 1-2°C per min through the temperature range of expected 
thermal effects were employed with most of the mixtures and two or more cooling curves were 
obtained with all except two of the compositions tested. Whenever thermal arrests were noted on 
the recorded cooling curves, the emf. of the thermocouple was measured with a portable poten- 
tiometer to the nearest hundredth of a millivolt. After thermal data were obtained, the mixture was 
allowed to cool to room temperature in an argon atmosphere, removed from the crucible and 
crushed to separate it from the thermocouple junction. In some cases, additional LiF or PuF3 was 
added to the fused mixture to change the composition and thermal analysis of the new mixture 
was performed in the previously described manner. The crushed samples were weighed, ground, 
analyzed chemically for Li and Pu, and examined under a polarizing microscope. 


RESULTS AND DISCUSSION 


Thermal effects noted with various LiF-PuF; compositions are given in Table 1. 
The proposed phase diagram for the system, utilizing literature values for the melting 
points of LiF and PuF,'!® is shown in Fig. 2. The eutectic composition containing 
approximately 19-5 mole °/, PuF, melts at 743° + 2°C. Two different recorders 
were employed during the course of the investigation and, consequently, the tempera- 
tures determined by means of the portable potentiometer are believed to be more 
reliable than those indicated by the recorders, based upon the smaller spread in the 
observed eutectic temperatures. Liquidus temperatures were shown on the cooling 
cuives either by thermal arrests, usually of short duration, or by a sharp change of 
slope. Halts of varying duration were usually obtained at the eutectic temperature 
but the temperature always dropped 3-6°C, depending on the cooling rate, before 
eutectic crystallization was completed, presumably for the same reason that pure 
LiF crystallized over a 4° temperature range. Cooling rates lower than 1° per min 


* Manufactured by Conax Corporation, Buffalo, N. Y. 

+t Devised by J. L. HAMMOND, Maintenance Div., Y-12 Plant, Union Carbide Nuclear Company. 
(*) T. B. Douc.as and J. L. Dever, J. Amer. Chem. Soc. 76, 4826 (1954). 

“®) BE. F. Wesrrum, Jr. and J.C. WALLMAN, J. Amer. Chem. Soc. 73, 3530 (1951). 
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could not be conveniently maintained by manual manipulation of furnace controls. 
Some difficulty was experienced in obtaining reproducible liquidus effects with 
mixtures having compositions closé to that of the eutectic mixture, possibly due to 
a tendency for the liquid to undercool which was particularly noticeable with high 
cooling rates. This resulted in some uncertainty in the determination of the eutectic 
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composition from thermal data. The heating rates employed in this investigation 
were generally too high to provide significant data from heating curves. The composi- 
tion range covered, 5-38 mole per cent PuF, was limited at the PuF, end by the 
maximum temperature obtainable with the available furnace and recorder equipment 

Examination of slowly-cooled fused mixtures using a polarizing microscope 
mounted in a glove box showed that only the pure components, LiF and PuF, were 
present. Although even very small amounts of plutonium oxides could be easily 
detected, none were observed in the samples examined. The fact that no change in the 
refractive indices of the compounds was observed leads to the inference that solid 
solutions between the end members probably do not exist. Accordingly, the thermal 
indication that this is a simple eutectic system was confirmed. In one mixture, 
LiF-PuF, (90-10 mole pei cent), the LiF had a very slight brown-green colouration 
which -might have been due to solubility of a Pu** compound. Again, however, 
the refractive index was experimentally identical with that of LiF and no deviation 
from isotropy was observed. Based on this evidence the solid solution almost cer- 
tainly is less than | wt. per cent. 

It was found possible to determine the identity of the primary phase in slowly 
cooled samples of the binary mixture by careful search for evident growth forms 
of LiF and PuF, with the microscope. Since the secondary phase crystallizes along 
with the remaining primary phase over a small temperature range, it is not surprising 
that aggregates are formed of smaller, more evidently strained crystals with no 
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clearly defined crystal planes. The presence of well-crystallized LiF, along with 
eutectic aggregates of LiF and PuF,, in the mixture containing 19 mole per cent 
indicated that LiF was the primary phase of this composition. Similarly, the presence 


TABLE 1.— THERMAL EFFECTS FROM COOLING CURVES OBTAINED 
wiTH LiF—PuF, MIXTURES 





Liquidus thermal effects Eutectic thermal effects 
(°C) 
Recorder /|Potentiometer, Recorder | Potentiometer 


Composition (°C) 
mole % PuF; 
850 (h) 846 
848 (h) 
828 (A) 745 (cs) 
821 (cs) 735 (cs) 
797 (cs) 736 (h) 
- | 744(h) 
755 (es) 744 (h) 
770 (cs) | 745 (cs) 
770 (es) 745 (cs) 
— 745 (cs) 
745 (cs) 
754 (cs) 741 (cs) 
746 (cs) | 735 (h) 
— 735 (h) 
742 (h) 
735 (uc) 
741 (A) 
767 (cs) 
768 (cs) | 741 (A) 
790 (cs) 736 (uc) 
816 744 (cs) 
818 | . 742 
871 (A) 740 (cs) 
859 (cs) | 741 (A) 
877 (cs) 736 (h) 
918 (h) 739 (h) 
918 (A) 740 (cs) 
948 (A) 735 (cs) 
979 (A) —- 
975 (cs) | 735 (cs) 





h = Halt 
cs = Change of slope 
uc = Undercooled 


of well-crystallized PuF, in the mixture containing 20 mole per cent PuF, showed 
that PuF, was the primary phase, thus establishing the location of the eutectic com- 
position between these compositions. 

Acknowledgement —The authors wish to express their appreciation to R. D. BAKER and personnel 


of CMB Division, Los Alamos Scientific Laboratory, for furnishing the high-purity PuF, used 
in this investigation. 
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REACTIONS OF HYDROGEN FLUORIDE 
WITH METALS AND METALLOIDS 


E. L. MUETTERTIES and J. E. CASTLE 
Central Research Department, E.I. du Pont de Neumours, Wilmington, Delaware 


(Received 10 May 1960) 


Abstract —Closed-system reactions of liquid hydrogen fluoride with a number of metals, metal- 
loids and refractory materials have been investigated. The reaction with metals proved to be a good 
route to pure fluorides. The closed-system furnished two unique features: 

(1) the hydrogen generated in the fluorination maintained a strong reducing atmosphere that 
permitted isolation of otherwise difficultly obtainable fluorides of lower oxidation state, e.g., 
TiF, and NbF, and (2) the hydrogen is also believed to have contributed significantly to the 
reactiviy of many of the transition metals by forming a metal hydride intermediate. 


THE reactions of gaseous hydrogen fiuoride with a number of elements have been 
described in the literature*“~*). For example, titanium metal is reported to yield the 
tetrafluoride at red heat.) References to other studies may be found in a review 
by Emé.eus®) and in a book edited by HAmpEL™ under the individual sections 
dealing with the chemical properties of the metals. On the other hand, little work 


has been done on reactions of liquid hydrogen fluoride with elements.f Since it 
was believed that such reactions could provide a simple and direct route to many 
of the ionic fiuorides, a study of these reactions has been made. 


EXPERIMENTAL 

Reagents and procedure 

Commercial hydrogen fluoride was used without further purification. The purities of the elements 
Aaried from silicon and germanium of transistor grade to slightly impure (94—98 per cent) samples 
of boron, arsenic and some of the rare earth elements. For the most part, the purities of these ele- 
ments were at least 98 per cent. 

The reactor was a 150 ml (internal capacity) pressure vessel with a Hastelloy-C liner. Five to 
hirty gramme samples were placed in the reactor which was then evacuated and charged with 


* EmELeus and GurMANN"™? have reported he following products with gaseous HF fluorina- 
tions: Nb, NbFs at 250°; Ta, TaF3; and TaFs at 250-300°; Re and W, no reaction at 350-600°. 

+ JacHe and Capy reported the preparation of LiF and CaF, by reaction of the metals and 
liquid HF. ‘5? 
{) N.V. SmpGwick, The Chemical Elements and Their Compounds Vol. 1, p. 637. Oxford Univ. 

Press, London (1950). 
‘) H. J. Eméveus in Fluorine Chemistry, (Edited by J. H. Simons) Vol. 1, Chap. 1. Academic Press, 

New York (1952). 

C. A. Hamper, Rare Metals Handbook. Reinhold, New York (1954). 

H. J. EmMéteus and V. GuTtMANnn, J. Chem. Soc. 2115 (1950). 

A. W. JacHE and G.H. Capy, J. Phys. Chem. 56, 1106 (1952). 

* Probably all of the trifluorides and tetrafluorides that have ionic lattices have very low solubil- 
ities in hydrogen fluoride. 
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40-60 g of hydrogen fluoride. (In the case of hafnium and many of the rare earth elements the 
sample sizes ranged from 1-3 g) The reactions were generally run at 225° + 5°, and reaction times 
were arbitrarily set in a 6-24 hr range. 

At the completion of a reaction, the vessel was allowed to cool to about 60°. The gas was either 
released or, in those cases where volatile fluoride products were expected, was collected for mass 
spectrographic analysis. After the reactor had been thoroughly evacuated, the solid product were 
recovered for characterization. Some of the non—volatile fluorides tended to adsorb hydrogen fluoride 
rather strongly and in these cases extended vacuum drying was required to obtain a pure product. 
This adsorption was most noticeable in the case, of the difluorides. Results are presented in Table 1. 

Fluorinations of carbides, borides and nitrides were also investigated at 225°; however, these 
refractories, e. g., CaBs, VC, TiB and MoB, did not yield pure products due to incomplete reaction 
within a 24 hr period. 


DISCUSSION 


As the results of Table 1 show, the reaction of liquid hydrogen fluoride with 
a metal is a general route to anhydrous metal fluorides. Of those metals investigated, 
relatively few failed to react cleanly. Examples of the less reactive metals included 
vanadium, bismuth, aluminium, molybdenum and tungsten, and the failure of these 
metals to react completely is discussed below. In addition to the generality of this 
synthetic method, the experimental procedure is simple. In the case of the metals, 
separation of the hydrogen and the excess hydrogen fluoride from the solid fluoride 
product obviously presented no problems. Furthermore, only three metals produced 
mixtures of fluorides, and fortunately, these mixtures (GeF,-GeF,, NbF,—NbF;, 
and TaF,-TaF;) were readily separated by distillation or by sublimation. 

One unique feature of this synthetic method is the reducing condition mainta- 
ined by the partial pressure of hydrogen which is produced in the fluorination. 
This accounts for the isolation of TiF; since TiF, is invariably the product when 
gaseous hydrogen fluoride is merely passed over heated titanium metal. These 
reducing conditions may also account for the formation of the trifluorides of niobium 
and tautalum. The isolation of GeF, from the germanium system is probably not 
due to the hydrogen pressure but to the presence of unreacted germanium 
metal. 

It is interesting to consider the factor or factors that may contribute to the “reac- 
tivity* of this fluorination system. Obviously, for elements in the solid state, the 
surface area of the metal should affect the rate of reaction. Illustrations of this 
effect were the incomplete fluorination of titanium sponge under the same conditions 
that gave complete fluorination of titanium powder and the relative inertness of 
nickel shot in comparison with nickel powder. There were, however, several metals 
that reacted rapidly although they were in massive form. These metals were uranium, 
lanthanum and cerium. For reasons cited below, it is believed that thorium, zirco- 
nium, hafnium, niobium and tantalum may also belong to this class of metals whose 
initial surface area is not the rate determining factor. 

Another factor expected to significantly contribute to the reactivity of the system 
was the solvent action of the liquid hydrogen fluoride on the product fluoride. 
Unfortunately, there are no solubility data for the various fluorides at the tempera- 
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tures used in the fluorination. In lieu of these, the solubility data determined in the 
range ~ —25° to +12° by JacHE and Capy®) were used in an attempt to find a 
correlation between the reactivity of the metal and the solubility of the product 
fluoride. No correlation was apparent. For example, BiF,, AIF,;, CeF,; and ThF,* 
all have very low solubilities, and Bi and Al are relatively inert whereas Ce and Th 
are very reactive. However, it would seem significant that all the relatively inactive 
metals formed fluorides (these were all trifluorides, AIF;, CrF;, VF;, MoF;, BiF; 
and WF;,) that have or are presumed to have very low solubilities in hydrogen 
fluoride. 

The most significant variation in reactivity was found for the rare earth metals 
and the transition metals of Groups IV, through VI,: Mo and W were only slightly 
attacked, Cr and V were moderately resistant to attack and the remainder of the 
metals were readily fluorinated. These variations are believed to be related to the 


TABLE 2.—COMPARISON OF HF AND Hp2 REACTIONS WITH METALS 





H> Rx 


Metal HF Rx : 
AH (kcal) Relative rate 


complete 
complete 
complete 
complete 
sl. attack 4 very slow 
complete fast 
complete < fast 
incomplete 
sl. attack 
sl. attack 
complete <0 
Lanthanides complete —30 to —42 





ability of the metal to form a hydride by reaction with hydrogen. Such a hydride 
phase could be formed in the closed system by the hydrogen produced in the initial 
stages of the fluorination, and this phase would be more reactive than the metal. 
Hydride formation probably also contributes to the “reactivity” of the system in 
a physical sense by increasing the surface area of the solid. Metals, even those in 
massive form, are usually converted to a fine powder in the process of hydride 
formation. This degradation of the solid phase could contribute to the facile fluorina- 
tion of massive U, La and Ce. The reactivity of these metals does correlate rather 
well with their ability to form hydrides as shown in Table 2. The vanadium case 
is an interesting one. This metal does form a hydride, but the literature states that 


‘*) Data for the hydrogen reactions were taken from D. T. HurD, Hydride Chemistry. John Wiley, 
New York (1952). 
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vanadium is inert to hydrogen unless activated by repeated exposure to hydrogen 
and to vacuum at 800°-1100°. When vanadium was fluorinated in our system with 
a superimposed hydrogen pressure of about 10 atm, the degree of fluorination was 
300 per cent greater than in the absence of hydrogen which points to an active role 
for hydrogen. It is also notable that molybdenum and tungsten, which apparently 
only occlude (endothermally) hydrogen, were not detectably aided in the fluorination 
reaction by the presence of added hydrogen pressure. 


Acknowledgements —We wish to acknowledge the interpretation of the powder X-ray patterns 
by Dr. O. E. ScHupp and Mr. A. F. BIDDLE. 
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THE URANIUM-OXYGEN SYSTEM: U;0;-U0QO;* 


H. R. Hoekstra and S. SIEGEL 
Argonne National Laboratory, Argonne, Illinois 


(Received 18 April 1960) 


Abstract — Preparative methods for five crystalline modifications and an amorphous form of 
uranium trioxide are described. Some properties of the UO; phases are discussed, including the 
density, crystal structure, heat of solution, thermal stability and infra-red spectrum. Data on the 
UO>.9 phase are also given. 


URANIUM trioxide is one of the four well established oxides of the element. Methods 
for its preparation and descriptions of its properties appear in some of the earliest 
publications on uranium chemistry. However, no crystalline form of the trioxide 
has been reported until recently. At present at least five crystalline modifications 
of UO; have been prepared and one type which is amorphous to X-rays (crystallites 
less than 100 A in diameter). Three of the crystalline phases were described by 
Suert et. al., a fourth by Warr), and a fifth by Katz and Gruen”. The last 
of these phases had been prepared earlier by Gates et al.“ by the action of nitric 
acid vapours on U,O,, but the preparation was not described in a journal article. 
In a recent publication,© we have reviewed briefly ten methods for the preparation 
of UO,, and confirmed the existence of five crystalline and an amorphous form of 
the trioxide. The preparative methods investigated are summarized in Table |. 
Crystallographic data on these phases are incomplete; full structural determina- 
tions have been reported for only two of the five types (x and 3). ZACHARIASEN 
found «-UO; to be hexagonal with a = 3-971 A, c = 4-168 A. The similarity 
between the a-UO, and U,O, structures suggests the existence of a continuous solid 
solution between these compounds, but this has not been confirmed experimentally. 
Amorphous UO, is known to decompose to U,Q, in two distinct steps rather than 
via solid solution.” The intermediate phase, UO, ,, is reported to be stable between 
520°C and 610°C and to have a structure quite similar to U,O,. 
Perio® has suggested an orthorhombic cell for y-UO, with a = 13-01 A,. 
10:72 A and c = 7-50 A, but did not attempt to locate the atoms within the 


* Based on work performed under the auspices of the U.S. Atomic Energy Commission. 

1. SHeFT, S. Friep and N. Davipson, J. Amer. Chem. Soc. 72, 2172 (1950). 

E. Walt, J. Inorg. Nucl. Chem. 1, 309 (1955). 

J.J. Katz and D. M. Gruen, J. Amer. Chem. Soc. 71, 2106 (1949). 

J. Gates, R. B. Pitt and I. O. ANprews, Manhattan Project Report CD-495 (1945). 
H.R. Hoexstra and S. Srecet, Second Proceedings of the International Conference on the 
Peaceful Uses of Atomic Energy, Geneva, 15/P/1548 (1958). 

W.H. ZACHARIASEN, Acta Cryst. 1, 265 (1948). 
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cell. Recently ConNOLLY® deduced a monoclinic lattice with the dimensions a = 
13-08 A, b = 15-48 A, c = 6-91 A and 8 = 89-63° for the same phase. 

A consideration of the preparative conditions and of the relative stability of 
the phases in question has led to the assumption“ that the sequence 


UO,(A) 
* a-UO, —> B-UO,—> y-UO, 
U;0, 
is followed during reaction of amorphous UO, or U,O, with oxygen under pressure. 


TABLE 1.—PREPARATION OF URANIUM TRIOXIDE 





Type Conditions 


Amorphous | Ignition of UO4-2H2O, UO3;-2H20, UO7C20,4-3H,0, or 
UO;(A)* | (NH4)4U07(CO3)3 in air to 400°C. 
a-UO,;' | UO;(A) heated in 40 atm O2 at 470-500°C. 
8-UO; U3O0g heated in 40 atm O 2 at 500-550°C. 
Ignition of (NH4)2U70 22 in air to 500°C. 
y-U0; Ignition of UO2(NO3)2°6H,O in air at 400-600°C. 
Heat «-, B-, 3-, e- and amorphous UO; in 40 atm QO at 
65” 
8-U0; Ignition of B-UO3-H20 in air to 375°C (>24 hr). 
e-U0; | Heat U30g in NO, at 250-375°C. 
* Amorphous UO 3 will be indicated by UO3(A) in this paper. 
t The phase designations are as follows: «,8 and y-UO3 are phases I, II and II of SHEFT, et ai., 8-UO; is 
WAIT’s cubic phase, and e-UO3 is KATZ and GRUEN’s phase. 





TABLE 2.—PROPERTIES OF UO; AND UQO},9 


| 


| Density (g/cm*) 
meas. X-ray 





Colour Structure 


orange 6°80 - — 
tan 7:04 8-34 hexag. a = 3-971 A, 
c=417A 
orange, red 8-25 orthorhombic? 
c=143A 
yellow 7:75 ‘ (orthorhombic a = 13-01, 
b = 15-48, c = 7-50 A) (16) 
or 
(monoclinic a = 13-08, 
b = 15-48, c = 6-91 A) (24) 
8 = 89-63° 
8-U0; dark red 6:99 667 cubic a = 4:16 A 
e-UO; red | = ? 
UO. olive green 7:72 8-41 orthorhombic a = 6°91, 
b = 3-92,c= 416A 





{9} PD. E. CONNOLLY, Acta Cryst. 12, 949 (1959). 
(10) J. J. Katz and E. RaBiNowiTcH, The Chemistry of Uranium, Plutonium Project Record NNES, 
Div. VIII, Vol 5, p. 276. McGraw-Hill, New York (1951). 
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The structure of 5-UO, was reported by Wart™ as cubic with a = 4:15 A. 
The lattice is the ReO, type, which gives 3-UO, the distinction of being the only 
known oxide of uranium (VI) in which all uranium—oxygen bonds are of equivalent 
length. 

Several modifications of U,O, have also been reported, although only one is 
commonly encountered (a-U,0,:¢ = 671 A, b= 11:97 A, c=415 A). Its 
structure was determined by ZACHARIASEN” and by GronvoLp"” using X-ray 
diffraction. Recently ANDRESEN“® suggested an alternative arrangement of oxygen 
atoms on the basis of neutron diffraction data. Hoekstra et al.“® have reported 
a second orthorhombic structure 8-U,O,, with a= 7:05 A, b= 11:72 A, c= 
8-29 A. High temperature X-ray studies also revealed the conversion of «-U,0O, 
to a trigonal form (a = 6-815, c = 4-136 A) at 400°C,” although this material 
may have been slightly oxygen-deficient. Recently WILSON" produced a new phase 
of U,O, at high pressures, but was unable to determine its structure. 

The multiplicity of UO, and U,O, phases ensures the existence of a complex 
phase diagram. It seems highly probable that some of the phases mentioned are 
metastable. In the present paper we will review the preparative methods for UO,, 
describe some of the properties of the trioxide phases, and indicate some of the 
phase relationships between UO, and U,Q,. 


MATERIALS AND METHODS 


Uranyl sulphate (UO2SO,4 - 3H 0), nitrate (UO2(NO3)-:6H 0), oxalate (UQO2C704: 3H20) and 
acetate (UO2(C2H30>)2 -2H2O) were obtained as reagent grade chemicals and were recrystallized 
from their respective dilute acid solutions. Uranyl peroxide (UO4-2H2O) was prepared by the 
action of hydrogen peroxide on UO}, and by the procedure outlined by Watt”). Uranyl carbonate 
(UO2CO3) was synthesized by treating hydrated UO; (prepared from the amorphous trioxide) 
with 40 atm of CO2 at 105°C for 24 hr. The product analysed 13-1°/, CO (theoretical 13-329 COy). 
Ammonium uranate was precipitated from a uranyl nitrate solution by the addition of an excess of 
ammonia. The resulting precipitate is commonly referred to as ammonium diuranate, (NH4)2U207, 
but the composition has been shown!®) to more nearly approximate the formula (NH4)2U702. 
Ammonium urany! carbonate was precipitated by the addition of a saturated solution of ammonium 
carbonate to a concentrated uranyl nitrate solution. 

The trioxide dihydrate, UO3-2H 20, was prepared by exposing the anhydrous UO; phases to 
a large excess of liquid water at room temperature. Excess water was removed by filtration, or 
allowed to evaporate at 25°C. The 8-UO;-H 20 phase was prepared by heating the dihydrate with 
water in a sealed Inconel pressure vessel at 200-300°C for several days.{!9) The U3Og used in the 
oxidation experiments was prepared by heating a spectroscopic grade uranium dioxide to 750°C 
in air for several hours. The major impurities in the U3Og were ~ 20 p. p. m. each of calcium, 
aluminium and silicon. 


1) W.H. ZACHARIASEN, Manhattan Project Report CP-1249 (1944). 

(2) F, GRONVOLD, Nature, Lond. 162, 70 (1948). 

43) A. F, ANDRESEN, Acta Cryst. 11, 612 (1958). 

(4) H.R. Hoekstra, S. Sieger, L. H. Fucus and J.J. Katz, J. Phys. Chem. 59, 136 (1955) 
(15) §. SreceL, Acta Cryst. 8, 617 (1955). 

(16) W. B. Witson, BMI Report 1328 (1959). 

“7) G.W. Watt, S. L. ACHORN and J. L. Mar.ey, J. Amer. Chem. Soc. 72, 3341 (1950). 
“8) R.A. Ewina, S.J. Kuni, Jr. and A. E. Bearse, BMI Report 1115 (1956). 

“9) J. K. Dawson, E. Warr, K. ALcock and D. R. Cnuitton, J. Chem. Soc. 3531 (1956). 
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The purity of our UO; preparations was determined by uranium and by oxygen analyses. The 
uranium content was within 0-2 per cent of the theoretical 83-22 per cent for each of the crystalline 
phases, but the amorphous oxide was always 0-3-0-5 per cent low in uranium. The maximum 
discrepaney occurred on samples prepared from uranyl oxalate or acetate. Carbon analyses on 
these preparations indicated a small residue of the element, and infra-red investigation revealed 
the presence of carbonate. 

Oxygen—uranium ratios were determined by two methods, (1) direct determination of oxygen 
with bromine trifluoride,@® and (2) weight change on ignition of the sample at 750-800°C in air 
for several hours. It has been our experience that any uranium oxide will be converted to UO2.67-. 0.01 
under these conditions. 

Trioxide preparations from amorphous UO 3 and U3Og under oxygen pressure were carried 
out in an Inconel reactor similar to that described by Suert et al.“!) Tank oxygen was used without 
further purification; air was removed from the reactor by repeated flushing with oxygen to 20 
atm. X-ray diffraction data on the oxides were obtained with Cu-Ka radiation using a camera of 
90 mm diameter to obtain diffraction patterns on film. A GE recording spectrometer was employed 
on certain preparations when increased resolution was desired. Single crystal Weissenberg photo- 
graphs were taken of the B-phase. 

Heat of solution data on UO; phases were measured in a calorimeter of the type described 
by Katzin et al." Heat capacities of the calorimeter and of the solutions were determined by elec- 
trical heating; accuracy of the measurements was tested by measuring the heat of solution of sodium 
carbonate.22) Two measurements agreed to less than 1 per cent and the average was within 0-1 kcal 
of the literature value. 

It had been hoped to use 1M HC1O, for the calorimetric determinations, but a more concen- 
trated acid was required to effect solution of the less soluble phases within a reasonable time; as 
a result, SM HNO; was used for most of the calorimetric measurements. Since the solution data 
are being used to make a comparison between the trioxide phases, the acid concentration is not 
critical. For these measurements 1 g samples of the trioxide were dissolved in 300 ml of acid. 

Infra-red data were obtained with a Beckman IR4 recording spectrophotometer on potassium 
bromide disks containing one per cent of the trioxide. 


DISCUSSION AND RESULTS 


Preparation of uranium trioxide 


The relative instability of UO, necessitates the use of moderate temperatures 
in its preparation. As will be shown in a later section, maximum permissible tempera- 
tures vary from 400° to 700°C. This limitation leads to difficulties in preparing pure 
phases, especially in the case of the amorphous oxide and «-UQ,,. It has been shown 
that residual traces of nitrogen (from nitrate and ammonium ions), and carbon 
(from carbonate and organic residues) are extremely difficult to remove without 
decomposition of the trioxide. For this reason it is preferable, whenever possible, 
to use U,O, as a starting material. 

The retention of residual carbon as carbonate in amorphous oxide prepared from 
uranyl oxalate and acetate has been indicated. Thermal stability experiments on 
UO,CO, revealed that the carbonate must be heated above 500°C in air before 
appreciable decomposition occurs, and complete decomposition cannot be effected 


20) H.R. Hoekstra and J.J. Katz, Analyt. Chem. 25, 1608 (1953). 

‘2) L,I. Katzin, D. M. Simon and J. R. Ferraro, J. Amer. Chem. Soc. 74, 1191 (1952). 

2) F,R. BicHowsky and F. D. Rossini, Thermochemistry of Chemical Substances p. 144. Rein- 
hold, New York (1936). 
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below 600°C. Consequently, pure amorphous oxide can best be prepared from 
uranyl peroxide. Precipitates obtained from uranyl solutions should be washed to 
minimize anion contamination. The peroxide can be formed free of contamination 
by the action of H,O, on UO, or U,Ox, but even here, care must be taken to mini- 
mize exposure to air, since CO, is taken up by the peroxide to form uranyl carbonate. 

Purity of «-UO, is largely determined by the composition of the starting amor- 
phous oxide, although some purification does occur during crystallization. Comple- 
tion of the crystallization process is difficult to ascertain, but at 485°C approximately 
four days are required. The time can be shortened considerably by heating at 500°C, 
but above this temperature 40 atm oxygen are insufficient to prevent some oxygen 
loss, i.e. to UO, og. 

Oxidation of U,O, is found to follow several routes, and the conditions required 

obtain each product have not been clearly defined. In general, 8-UO, is obtained 

500—550°C with 30-40 atm O, while y-UO, is formed slowly at this temperature 
in 6-10 atm O,. At 650°C and 40 atm 0,, all modifications of UO, will be converted 
to the y-phase. In several experiments at 500°C and 40 atm O, the oxidation followed 
a third route to form the UO,., phase. Attempts to complete the oxidation to «-UO, 
were unsuccessful. We have been unable to confirm the formation of «-UO, at any 
time during the oxidation of U,O, under an oxygen pressure. It is possible, however, 
that this reaction could be achieved at higher pressures than we were able to maintain 
in our system. 

The following oxidation routes have thus been observed: 


7 3-U0O, 


Identity of the product phase may be governed by its nucleation early in the oxida- 
tion process. 

Our investigation of the uranyl nitrate decomposition reaction has been limited 
because this reaction has been studied intensively elsewhere.??:** We did confirm 
the observation that dehydration of UO,(NO,),.6H,O before denitration results 
in an amorphous product rather than y-UO,.“® 

Wait” has reported that 4-UO, is oxygen-deficient whert prepared by heating 
2-UO,-H,O at 415°C. We were able to prepare stoichiometric 5-UO, by heating 
the monohydrate longer (>24 hr) at somewhat lower temperatures (375-400°C), 
but the oxide does not exhibit an appreciable temperature stability range (see below). 


(24) 


23) D. A. VAUGHAN, J. R. BripGe and C. M. ScHwartz, BMI Report 1205 (1957), 
_A.J. Lister and R.J. RicHarpson, AERE, C/R 1874 (1954). 
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Katz and Gruen”? gave 250-350°C as the temperature limits for the preparation 
of <-UO,. The reaction rate was observed to increase rapidly to 350°C, where it 
levelled off. We find that the < phase can be prepared at 375°C, that oxidation is 
very slow at 400°C, and negligible at 425°C. The upper temperature limit is apparently 
governed by the stability of -cUOQ, (see below) rather than by dissociation of 
the NO,. 


Properties of UO, and UQ,., 


Some of the properties of the six UO, phases and UO,., are summarized in 
Table 2. Although the «-form has been reported to be orange or red, our preparations 
were always tan. Colour of the respective phases is dependent to some extent on the 
method of preparation, since the 8-phase prepared from ammonium uranate is a 
dark orange, while the U,O, oxidation product is a cherry red. The colour change 
may be due to variations in particle size. 

The measured densities (vacuum pycnometric) represent the average of at least 
two preparations of each of the phases. Densities of UO,., and «-UO, are consider- 
ably below the theoretical X-ray density. If the assumed structures are correct, the 
low observed densities can probably be ascribed to poor crystallinity and the exist- 
ence of voids within the crystals. The 8-UO, density should be close to the theoretical 
value, since measurements were made on a highly crystalline material. Our ~-UO, 
density is somewhat higher than the value reported by Perio (7:24 g/cm‘), 
and suggest that possibly more than sixteen molecules are present in his 
postulated unit cell. Cubic 6-UO, has an open structure with the lowest theoretical 
density of any of the phases. It is not surprising to find that the experimental density 
of the poorly crystalline oxide somewhat exceeds the theoretical density. The presence 
of any of the remaining phases would lead to a measured density in excess of the 
X-ray value. The density of <-UO, corresponds almost exactly to that expected for 
the addition of oxygen into the U,O, structure without expansion of the uranium 
lattice. It is apparent from the X-ray diffraction pattern, however, that rearrangement 
of the uranium atoms is involved. 

The unit cell given for UO,, contains two uranium atoms and aproximately 
5:8 oxygen atoms. This cell probably represents a pseudo-cell, but the present X-ray 
results do not warrant consideration of a larger cell with an integral number of 
oxygen atoms. One possibility for such a cell would have the formula U,,0,., i.e. 
UO, 99. 

A comparison of the a/b ratios of the relevant oxides (referring #-UQ, to ortho- 
hexagonal axes) suggests that UO, ., is not part of a continuous solid region between 
a-UQO, and «-U,O,. Rather it appears to be more closely related to 6-U,O,, thus 
the a/b ratios for «-UO, = 0-577, for UO,., = 0-567, for 8-U,O, = 0-554, and for 
z-U,0, = 0-594. 

Table 3 gives data on the diffraction patterns of 8-UO,, <-UO, and UO,.,. Our 
data on y-UO, are in complete agreement with those published by Dawson” and 
CoNnNOLLY”). The structures of the «- and 8-phases have been reported, and need 
not be repeated here. 
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ZACHARIASEN®) has discussed the bonding in uranyl and related compounds. He 
points out that complete structure determinations are available on only a restricted 
number of compounds in this category. In each instance the uranyl groups are 
symmetrical and collinear. In addition to the primary uranyl bonds, each uranium 
atom forms four to six secondary bonds to oxygen or halide atoms. The bond 
lengths within the uranyl group as well as in the secondary tonds vary from one 
structure to another. ZACHARIASEN was also able to show that the otserved U—O 
distances, for both primary and secondary bonds plotted against the bond strength 
fall on a single smooth curve. This curve was revised to some extent in a later 
publication.?® 


TABLE 3.— DIFFRACTION DATA ON 8-UQ3, e-UO3 AND UO).9 





8-U0; e-U0O; U02.9 
sin? sin26 sin?6 I hkl 


001144 » 0-0283 00344 5 001 
0-02288 00347 0-0500 200 
0-02578 vw 00363 vw O-0515 110 
0-03773 yyw 0-:0439 yyw 00840 w 201 
0-04252 vw 0-0495 0-0858 111 
004633: 00508 w 0-1374 002 
0-05022 w 0-0549 0-1507 102, 310 
0-05137 00747 w 0-1557 020 
0-06185 yw 00764 yw 01849 311 
006303 w 00786 vw | 01879 5 202, 112 
0-06439 0:0874 yyw 01977 w 400 
0-:09426 0-0928 02047 220 
009755 ww si 01052. 0-2331 
0-1477 » | 01395 » 02392 
01552 w 01468 ww | 0-2868 
0-1572 yw 0-1571 yyw 0-2916 
0-1620 vw 0-1591 yyw 0-3083 
01665 vw 01641 yw 0-3354 
0-1820 0-1740 vw | 03428 ow 222, 501 
01853 w 0-1762 vw 0-3595 203, 113, 130 
0-2012 01817 Ww 0:3743 : 412 
0-2051 vw 0:2054 yw 0-3823 511 
0-2125 0-2175 yw 078.2 wwe 421 
0-2358 0:2208 vp 0-3964 » 213 
0-2470 0-2255 yyw 0-4590 313, 330 
0-2523 0-2530 vw 05131 w 223 
0-2581 0:2591 yyw 05464 w 413, 430 
0-5982 wm 204 





Available structural data on uranium (VI) compounds indicates that they may 
be grouped into the three general types illustrated below: 


(25) W.H. ZACHARIASEN, Acta Cryst. 7, 795 (1954). 
(26) W.H. ZACHARIASEN and H. A. PLeTTINGER, Acta Cryst. 12, 526 (1959). 
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Type (a) is characterized by definite uranyl (UO3*) groups in which the uranyl 
oxygens are bonded to a single uranium atom. The double-bond U—O distance 
is approximately 1:7 A. The nonuranyl secondary bonds are much weaker with 
correspondingly longer bond distances, which may approach 2:5 A in length. Ex- 
amples of this type include NaUO,(OAc), and UO,F;. 

In Type (b) the individual uranyl groups are replaced by continuous -U-—O-U-O- 
chains in which the oxygen atoms are bonded to two, rather than one, uranium 
atom. This arrangement leads to a primary bond strength of unity, a bond distance 
of approximately 2:07 A, and a repeat group (UO) rather than (UO,). Here again 
weak secondary bonds (four, five or six) are encountered. Their relative strength 
is greater than in type (a) and the bond distance correspondingly shorter. When 
four secondary bonds are present, their strength becomes equal to the primary bonds 
and the two types are indistinguishable. Such an arrangement is shown by cubic 
§-UO,. Two-thirds of the uranium atoms of U,O, (as deduced by ANpRESEN''*) 
are co-ordinated to oxygen through five secondary bonds, although the bond lengths 
are adjusted so that the oxidation state of all uranium atoms are equivalent. Hexag- 
onal «-UO, is an example of uranium co-ordination through six secondary bonds. 


° 0 
at “\! — 
AN “r~ 
ie) 


(0) (b) (c) 


An intermediate type of bonding between (a) and (b) is also observed. This 
arrangement, type (c), has been identified in the uranates. Here the strength of the 
primary bonds as well as the secondary bonds calculated from the bond lengths are 
intermediate between (a) and (b). Barium and magnesium orthouranate have four 
secondary bonds, while calcium and strontium uranates have six. 

Whether the three types of bonding are distinct entities or merely parts of a 
continuous change in bond type from the two extremes ((a) and (b)) remains to be 
established as additional structure determinations are forthcoming. Further work will 
also determine whether the apparent correlation of uranyl salts with type (a), uranium 
oxides with (b), and uranates with (c), will be maintained. K,UO,F,, which exhibits 
type (c) bonding, is, at present, the only exception to this rule. 

A comparison of UO, X-ray diffraction patterns shows that the «- and 5-phases 
have relatively simple patterns, while the remaining phases are more complex. The 
a, 8 and ¢ phases have a strong diffraction line at an angle (sin?@ = 0-0347) corres- 
ponding to a d value of 4:14 A, while the 8 and y phases do not. (Table 3). This d 
spacing in a- and 8-UO, corresponds to the U-U separation in the continuous 
—U—O—U-—O-— chains, and may have a similar significance in <-UO;. Absence 
of this strong line in the 8 and y-UO, phases might be construed as suggesting 
an alternative arrangement of U-O bonding, but may also arise from interference 
effects. At present there is no definite evidence for the presence or absence of the 
U—O chains in the 8, y and ¢ forms of UQ,. 
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A surprising feature of the U,O,-3-UO, system is that one can convert single 
crystals of either of these phases to the other without entirely losing the single crystal 
character of the solid. This phenomenon occurs in spite of the fact that a major 
rearrangement in the crystal structure takes place during the oxidation or reduction 
process. Unfortunately, 3-UO, crystals, prepared from twinned U,Q, crystals, were 
also twinned about one axis. We were able to measure one axis (the twinning axis) 
as 14-3 kX. A hexagonal pseudo-axis could be obtained from the twin pattern 
corresponding to the a-axis of %-UO, at 3-99 A. Oxidation of U,O, single crystals 
to c-UO, leads to breakup of the solid into a microcrystalline powder; the same 
observation is true for the 8-UOQ, —-—> y-UO, conversion. 


Heat of solution 


Heats of solution were obtained on the six UO; phases in order to provide a 
comparison of their thermodynamic stability. The results are summarized in Table 4. 


TABLE 4.-- HEAT OF SOLUTION OF UO, 





Heat of solution (kcal/mole) | 


Heat of formation 


: 4 kcal/mole) 
In 1 MHCIO,!In 5 MHNO;|  ‘ . 


Phase 


UO;(A) -225 02 | 210403 | —291 
x-UO} a | -1854041 | ~294 
3-U0; 2 | —181+03 | —294 
UO} , | —173+401 —295 
8-U0; : | 183 +02 —294 
e-UO; : | 187401 | —293 





BREWER®” estimated a heat of formation of —291 +3 kcal/mole for -UO,, 
—292 kcal/mole for 8-UO, and —293 kcal/mole for y-UO,. The estimates were 
based to a large extent on BILTz and MULLER’s”® tensimetric data on the U,O,-UO, 
system, with the assumption that the trioxide in this work was the hexagonal phase. 
Since BILTz and MULLER’s sample was prepared from uranyl peroxide, the phase 
must have been amorphous rather than crystalline. Our data would lead to a value 
of —295 kcal/mole for the y-phase. 


Thermal stability 


The thermal stability and decomposition pattern of each of the six UO; phases 
in air has been studied. Since the UO, - U,O, conversion is irreversible at atmos- 
pheric pressure, one cannot obtain equilibrium pressures in this composition range. 
We have, however, studied thermal stabilities under conditions which give a reason- 
able approach to equilibrium. Oxide samples weighing approximately lg were 
heated in air for at least 24 hr in approximately 15°C intervals between 300° and 
750°C. Furnace temperatures were controlled to + 1°C. Changes in composition 


27) L. BREWER, Chem. Rev. 52, 2 (1953). 
8) W. Bitz and H. MULLER, Z. Anorg. Chem. 163, 257 (1927). 
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were followed by observing colour and weight change, and by periodic X-ray dif- 
fraction identification of the phases. Results of this study are plotted in Fig. 1. 

It will be observed that only amorphous UO, decomposes by way of the inter- 
mediate phase, UO, .,. Some «-UO, samples show a minor inflexion at this composi- 
tion. Since «-UO, is prepared from the amorphous form, the inflexion may re- 
present residual amorphous oxide in the sample. Lattice parameters measured 
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during decompositicn of «-UO, reveal that the product at composition UO,., is 
not identical with the phase obtained during decomposition of the amorphous 
oxide. The «-UO, decomposition appears to involve extensive solid solution. 
Transition occurs gradually from hexagonal »-UO, to the orthorhombic U,O, 
structure. 

The UO,., phase which is formed by partial decomposition of the amorphous 
oxide is a distinct compound in the uranium-—oxygen system, since its O/U ratio 
remains virtually constant over a 100°C temperature interval. Its possible relation- 
ship to the «- and 8-U,O, structures has been discussed. 

X-ray diffraction studies and visual observation of the oxides in the U,0O,-y-UO, 
system give no evidence for solid solution between the end-members. Samples with 
the empirical composition UO, ;, and UO, 4, contained detectable amounts of both 
phases. 

The 8 and « forms convert directly to U,O, if the heating rate is fairly rapid 
(several hours). However, the slow heating rate employed in our study permitted 
re-oxidation of the partially reduced oxides to y-UO;. Poor crystallinity of these 
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samples led to some decrease in stability of the resultant y-UO,; decomposition 
was initiated at 25-SO°C below the temperature limit observed for well crystal- 
lized y-UQ,. 


Infra-red spectra 

Previous reports on the infra-red spectra of hexavalent uranium have dealt 
primarily with uranyl salts, and were reviewed by RABINOWITCH®”. Absorption of 
the UO3* group has generally been found at 860 and 920 cm™'. The relatively weak 
absorption at 860 cm~' has been assigned to the symmetric stretching (v,) and the 
stronger 920 cm~' absorption to the asymmetric stretching (v,). Appearance of 
the “forbidden” symmetric vibration in the infra-red is ascribed to crystal field 
effects. No attempt was made, however, to correlate observed spectra with U-O 
distances in the uranyl group, or to calculate force constants. 


Recently, Jones°®*" discussed the systematics in vibrational spectra of urany 
complexes and attempted to calculate the U-O bond distance from the infra-red 
spectra of several uranyl-containing compounds. He concluded that the maximum 
error involved in treating the uranyl group as a free ion for calculation of the U-O 
force constant was 3 per cent. 

JONES reported an asymmetric vibration (v,) and combination frequencies (v, +v;) 
for five uranyl complexes. Force constants were calculated from the observed spectra. 


9) BE. RaBrnowrrcH, ANL-5122 (1953). 
90) L. H. Jones, Spectrochim. Acta 10, 395 (1958). 
8) L.H. Jones, Spectrochim. Acta 11, 409 (1959). 
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Application of BADGER’s®” rule permitted an estimation of the U-O distance. 
Jones concluded that the v, and v, frequencies should serve as a sensitive measure 
of Ryo in uranyl complexes since a 16 per cent change in the force constant corre- 
sponds to only a 0-03 A change in the U-O bond distance. 

As we have pointed out, isolated uranyl groups do not exist in ¢-UO,, 5-UO,, 
UO,., or U,;O,. Whether they do exist in any of the remaining UO, phases remains 
to be determined. The infra-red spectra of the six UO, phases, UO, and U,O, 
from 1000 to 650 cm™' are given in Fig. 2. It would appear from these that uranyl 
groups are not present in any of the oxide phases investigated. As a result, direct 
comparison with JONES’ work on uranyl salts and uranates is not possible. 

We are continuing our work on the infra-red spectra of these compounds and 
hope to be able to report further on them in the near future. 
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Abstract—The low temperature oxidation of UO; to U307 is shown to be a diffusion-controlled 
diphasic reaction. Two tetragonal phases of U307 have been identified: «-U307, with a = 5-46 A, 
c = 5-40 A and 8-U30, with a = 5-38 A, c = 5-55 A. Annealing experiments with 8-U3;07 show 
the existence of a third tetragonal phase with a composition approximately UO .3, which is stable 
to 500°C. Its parameters are a = 5-41 A, c = 5-49 A. 

The oxidation of U4Qo is also controlled by diffusion of oxygen through a second phase, UO?.3 
which is in turn converted to 8-U307. 

Evidence is given to show that the oxidized surface layer which forms on UO? at 25°C is amor- 
phous UQO3. 


THE uranium-oxygen system from UO, to U3;0; has been the subject of numerous 
investigations during recent years. Considerable interest has centred on the low 
temperature (< 300°C) oxidation of uranium dioxide, including the kinetics of the 
oxidation process, the number and structure of the phases formed, the extent of 
solid solubility between the phases, the mechanism of oxidation, and the thermo- 
dynamic stability of the phases. In spite of this intensive study, many details of the 
system remain in dispute. 
ANDERSON ef a/.") have shown that three distinct processes can be distinguished 
in the oxidation of UQ,. 
(1) At liquid nitrogen temperature, absorption of oxygen on the surface of the 
dioxide particles occurs. Approximately half the available sites are occupied. 
(2) At somewhat higher temperatures (— 130° to + 60°C) a second surface reaction, 
which obeys a logarithmic rate law, is found. The depth of oxidation is estimated at 
from 10A, if the final product is UO,, to 40 A, if the product is U,Os. 
(3) Bulk oxidation, which follows a diffusion-controlled rate law, occurs above 60°C. 
The surface oxidation, processes (1) and (2), are responsible for the non-stoi- 
cheiometric nature of UO, which has been in contact with dry air at room tempera- 
ture, but it is the bulk oxidation which has been of primary interest to most investi- 
gations. It is now generally agreed that oxidation of the dioxide to U,O, occurs 
in two stages. The first is complete at or near an oxygen-to-uranium ratio of 2°33 
(U,0,); the second at a ratio of 2:67 (U;O,). 


* Based on work performed under the auspices of the U.S. Atomic Energy Commission. 
+ Comitato Nazionale per le Ricerche. Rome, Italy. 
 J.S. ANperson, L. E. J. Roperts and E. A. Harper, J. Chem. Soc. 3946 (1955). 
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One area of dispute in the oxidation of UO, to U,O, involves interpretation of 
the reaction kinetics. ALBERMAN and ANDERSON'?) showed that the rate controlling 
step could be either a diffusion of oxygen into the dioxide lattice to form a UO, , 
solid solution, or a diffusion of oxygen through a product layer in a diphasic reac- 
tion. The rate curves for these alternative processes follow each other so closely 
that kinetic data alone cannot distinguish between them. Since their X-ray studies 
showed no evidence for more than a single phase over a large portion of the composi- 
tion range, ALBERMAN and ANDERSON favoured diffusion through a UO, , solid 
solution as the rate controlling step. 

Subsequent studies on the system by ANDERSON'S’ and his colleagues"! as well 
as by ARONSON, ef al.'4) have tended to substantiate the existence of a UO, , solid 
solution region. Perio‘>) and BLACKBURN et a/.‘©, however, maintain that the UO, , 
solution is of restricted extent and that oxidation of UO, is controlled by diffusion 
of oxygen through a product layer of U,O;. GRONVOLD‘” has shown that a rather 
extensive UO, , solid solution region exists at high temperatures, but that oxygen 
is not appreciably soluble in UO, below 300°C. This observation is, however, 
inconclusive since the phases encountered during the low temperature oxidation of 
UO, may well be part of a metastable system. 

It is the consensus of these workers, based on density measurements, that oxida- 
tion of UO, occurs by oxygen addition rather than by oxygen substitution for 
uranium on certain lattice sites or by substraction of uranium from the lattice. 
Here again, density data cannot distinguish between a single UO, , phase and a 
diphasic (UO, —- U,0,) system in which the oxidized phase contains the more 
closely-packed arrangement of oxygen atoms. 

The temperature range over which the oxidation of uranium dioxide can con- 
veniently be studied is between 100°C and 300°C. This interval is, of course, dependent 
upon the surface area of the oxide. The temperature limits given are for the con- 
ventional dioxide powders obtainable by reduction of UO, with hydrogen at 
750-800°C. Highly reactive uranium dioxide (surface area > 2m?/g) is oxidized 
quite rapidly at lower temperatures, but here the logarithmic surface oxidation 
(process 2 above) may contribute substantially to the total process. Above 300°C 
the oxidation rate becomes so rapid that uniform accessibility of oxygen to the 
entire sample becomes a factor. In addition, the second oxidation step (to U,QOx) 
begins to seriously overlap the first step. 

Other variables in the low temperature UO, oxidation process which have been 
investigated are the effects of oxygen pressure and of water-vapour. Essentially 
identical results are obtained in air and in oxygen; oxygen pressure becomes an 
important factor only below 10 mm.‘"® Moist air or oxygen oxidizes UO, 


’) K. B. ALBERMAN and J.S. ANbDERSON, J. Chem. Soc. Suppl. 303 (1949). 

') J. S. ANDERSON, Bull. Soc. Chim. Fr. 20, 781 (1953). 

‘) §. ARONSON, R. B. Roor, Jr. and J. BeLLe, J. Chem. Phys. 27, 137-44 (1957). 

‘9) P. Perio, Bull. Soc. Chim. Fr. 20, 256 (1953). 

(6) P. E. BLACKBURN, J. WEISSBART and E. A. GULBRANSEN, J. Phys. Chem. 62, 902 (1958). 
7) F, GRONVOLD, J. Inorg. Nucl. Chem. 1, 357 (1955). 
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somewhat more rapidly than the dry gases, but no further effect on the course of 
the reaction has been noted.®* 

In addition to the disagreement concerning oxidation kinetics, there are dif- 
ferences concerning the number and composition of new phases, the existence of 
solid solution in these phases, and the effects of annealing. Table 1 summarizes 
the information reported by various investigators. 


TABLE 1.—LOW TEMPERATURE OXIDATION OF URANIUM DIOXIDE 





Cubic Tetragonal 





Designa- Computed, c/a 


tion* | limit | ratio 


Investigator Computed! 4 
limit | 





GRONVOLD and HARALDSEN "!?? 2:34? | 2-40 1-032 
ALBERMAN and ANDERSON"? 2246) & Y 2:34 1-031 
HERING and Perio'!® 2:35 | 4 2-40 1-032 
PERIO") 2:10 | | 2-32 0-991 
2:32 | | 2-40c 1-031 

ANDERSON"? 2:33 , 2°31 1-016 
238 | 1-031 
Perio!) 2-40 1-031 
2-33 1-016 
<2:33 1-010 
VAUGHAN ef ai.‘*) 2-07 . 2:33 1-018 
ARONSON ef al. “ 213 | 5S 2:35 1-030 
BLACKBURN ef al.‘* | 201 | 5-469 241 | 1-032 











* Tetragonal phases observed in annealed samples are enclosed by parentheses. 


Oxides in the composition range UO,.5,-UO,.,, are known to anneal readily to 
UO, and U,O, at 300-400°C, while somewhat higher temperatures (> 500°C) are 
required to convert oxides in the range UO,..,.-U;.,,; to U,O, and U;O,;. HERING 
and Perio’ first reported a continuous solid solution region between UO) 4 
(c/a = 1-031) and U,Og,, but Perio” subsequently reported a step-wise transforma- 
tion. Three steps were identified, as follows: 


U0, sol¥1 = Y2 —- % = U,0, 
c/a= 1-031 1-016 1-010 cubic 


The O/U ratios of y, and y, were assumed to be less than 2°40 since U,O, was 
found in increasing amounts as the annealing temperature was increased. ANDER- 
son reported the existence of the 1-016 phase (’); but did not find a second™-*-ase 
between U,O0, and U,QOg. 


8) §.M. Lana, F. P. KNupsen, C. L. FirtmMore and R. S. Rotru, NBS Circular No. 568 (1956). 
‘*) D. A. VAUGHAN, J.R. Bripce and C. M. SCHwartTz, BMI-1241, December, 1957. 

{10) H, Herinc and P. Perio, Bull. Soc. Chim. Fr. 19, 351 (1952). 

(0) P, Perio, Bull. Soc. Chim. Fr. 20, 840 (1953). 
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Several investigators have attempted to confirm the thermodynamic stability of 
U,0, by demonstrating the reversibility of the disproportionation reaction, i.e. 


5 3-U,O, == 3 U,O, + U,O,. 


PeRIO reported the preparation of a small amount of the ~ phase by annealing a 
mixture of UO, and U,O,, but this experiment cannot be regarded as conclusive. 
Conversion of U,O, to U,O,_, would provide sufficient oxygen to oxidize a small 
amount of the dioxide to U,O,. Attempts by several other investigators'®®) to find 
evidence for reversibility in the above reaction have been unsuccessful. No complete 
structure determination is available on any of the phases. They have been described 
in terms of tetragonal pseudo-cells derived from the parent fluorite structure by 
a slight elongation or contraction of the c axis, but no definite information exists 
concerning the arrangement of oxygen atoms in the tetragonal phases. 

It will be noted that the cubic and tetragonal phases encountered in this portion 
of the uranium-—oxygen system are customarily referred to as the «-phase (UQ,), 
8-phase (U,O,), and y-phase (U,0,). The additional tetragonal phases near U,0, 
which are observed during annealing studies, have been designated as y, and y; or 
as y’. In our opinion this system of nomenclature is incorrect and should be discard- 
ed’ The «, 8 and y designations should be used only for polymorphic forms of 
a single composition. 

The work to be described here was undertaken in an attempt to clarify certain 
features of the uranium dioxide oxidation process and the uranium-oxygen phase 
diagram. 


MATERIALS AND PROCEDURE 


Four preparations of uranium dioxide, with widely different surface areas, were used in our 
investigation (see Table 2). Surface area measurements were made by krypton adsorption using 
the BET analysis. The standard and micronized powders were analyzed spectroscopically and 
found to contain 40 p. p. m. or less of silicon, iron and magnesium as their major impurities. Com- 
position of the standard UO, was determined by oxygen analysis with BrF3{!9) and by weight change 
during oxidation to U30g, the O/U ratio of the remaining samples was determined only by oxida- 
tion to U3Og. The standard oxide was first reduced to UO2 with hydrogen at 750°C in some ex- 
periments, then permitted to reach air equilibrium at room temperature (UO}.9;). In other exper- 


TABLE 2.— URANIUM DIOXIDE SAMPLE TYPES 





Type Composition Surface area 


Standard UO 2.94, UO2.o; 
Micronized | UO}.02 

Sintered U02.00 

Active ~ UO ).5 





(2) F, GRONVOLD and H. HARALDSEN, Nature, Lond. 162, 69 (1948). 
“3) H.R. Hoekstra and J.J. Katz, Analyt. Chem. 25, 1608 (1953). 
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iments the oxide was used without the preliminary hydrogen reduction step. No significant differ- 
ences in oxidation kinetics or in phase relationships were observed using either starting material. 
The sintered dioxide was prepared by heating standard oxide at 1800°C for two hours in a vacuum 
(<10-5 mm). The active oxide was prepared by carefully decomposing reagent grade uranyl oxa- 
late at 350°C in an evacuated reaction tube equipped with a liquid nitrogen cold trap. The oxalate 
decomposition may be written 

U0,C,04 > UO?2.,+xCO+(2—x)CO, (1) 
By condensing the carbon dioxide in a liquid nitrogen cold trap, one ensures complete reduction 

of uranium to the tetravalent state through the secondary reaction 
UO2..+xCO — UO2+xCO>, (2) 


The final dioxide product is generally contaminated with traces of carbon, but the O/U ratio 
is 2-00+0-01. Surface area and reactivity of the product are dependent upon the temperature and 
duration of heating for reaction (2). Our oxide was heated for 2 hr at 450°C. At the end of this 
time, the sample was cooled to room temperature and nitrogen admitted to the reaction tube. The 
nitrogen was then gradually replaced with dry air to permit slow oxidation of the dioxide and to 
minimize sintering due to the heat of reaction. 

The U,4O9 was prepared by oxidizing a standard dioxide sample until its composition reached 
UO 2.25.0.01- This material was then sealed in a Vycor tube under vacuum and annealed for 
6 days at 750°C. X-ray diffraction studies of the product revealed the existence of a single cubic 
phase with a = 5-438 A. 

The effects of annealing on the oxides encountered in this study was determined by heating 
the materials in sealed evacuated Vycor tubes. The annealing time was 6 days unless otherwise 
noted. 


RESULTS 


Since the major portion of our study was carried out with the standard oxide 
preparation, the results reported here will pertain to this material unless specific 
reference is made to another dioxide type. Our kinetic data on UO, are in com- 
plete agreement with previously reported data in that the oxidation follows a diffu- 
sion controlled rate law. Fig. 1 illustrates the oxidation of UO, to U,O, at tem- 
peratures between 120°C and 250°C as a function of time. The experimentally ob- 
served oxidation rate may be compared with the theoretical curves for a diffusion 
controlled process involving solid solution,“” and two derivations’*'® of dif- 
fusion controlled processes involving diphasic systems. It is apparent that kinetic 
measurements cannot distinguish between these alternatives. 

Preliminary X-ray results with conventional film techniques, seemed to indicate 
a considerable UO,, , solid solution region. The sharp diffraction lines of the fluor- 
ite-type structure became diffuse and weak, especially in the back-reflexion region, 
as oxidation progressed. Below 160°C the cubic structure apparently was maintained 
until the oxidation virtually ceased at UO,.,;. Above 160°C, a tetragonal phase 
with lattice parameters, a = 5-38, c = 5-55A; c/a = 1-031 was observed as the com- 
position approached U,O,. The oxidation appeared to follow the course reported 
by ALBERMAN and ANDERSON'2) and by ARONSON ef ai.‘4) 


"®) H.S. CarsLaw and J. C. JAEGER, Conduction of Heat in Solids p. 200. Oxford University Press 
(1947). 

5) G. JANDER, Z. Anorg. Chem. 163, 7 (1927). 

(16) M.G. Vacensi, C. R. Acad. Sci., Paris 202, 309 (1936). 
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Examination of the powder patterns recorded on film, however, indicated ir- 
regular line shapes associated with the diffuse maxima. An examination of some 
samples with a diffractometer revealed that the diffraction lines were indeed mul- 
tiple and that erroneous conclusions would be deduced from film measurements. 
Hence all preparations were examined with a diffractometer. The additional reso- 
lution afforded by this technique has shown that the “cubic UO,.,.” is, in fact. 
a diphasic region composed of the original UO, phase and a tetragonal phase whose 
dimensions are a = 5-46 A, c = 5-40 A, c/a = 0-989. The presence of the second 
phase is detectable early in the oxidation only as a shoulder on certain of the UO, 
diffraction maxima. Fig. 2 depicts the appearance and growth of the phase as oxida- 
tion progresses. 

Intensities of the tetragonal phase diffraction maxima increase as those of UO, 
decrease until, at UO, .,,, the difraction lines characteristic of UO, are no longer 
visible. Further oxidation generally leads to the appearance of a second tetragonal 
phase, the c/a = 1-031 phase observed by film techniques. At UO,.,, or above, 
conversion to the second tetragonal phase is complete. However, if the oxidation 
is carried out at a sufficiently low temperature (< 160°C), or if a more reactive 
dioxide preparation is employed, oxidation can proceed to UO, ,;, before crystalliza- 
tion of the second tetragonal phase ensues. 

The first tetragonal phase (c/a = 0-989) is apparently identical with the «-U,O, 
phase reported by Perio‘S’, and we have therefore retained his nomenclature. We 
shall refer to the second tetragonal phase (c/a = 1-031) as 8-U,O, (rather than 
-U,0, or the y-phase). Fig. 3 compares spectrometer tracings for the starting 
material (UO, .5,), «-U,0, and $-U,O, in the vicinity of 20 = 56°. The overlap of 
lines among the three phases is evident. 

Table 3 lists the measured parameters and the observed composition range for 
UO, and the two tetragonal phases. The composition at which «-U,O, can first be 
detected is dependent upon the surface area of the oxide; with the standard oxide, 
it is observed at UO, 97, with the sintered oxide, at UO, 9,. Experiments with syn- 
thetic mixtures of UO, and «-U,O0, showed that 8-10 per cent of the tetragonal 
phase is barely detectable in the spectrometer tracing. The cell dimension of UO, 
remains essentially constant throughout the oxidation, indicative of little solid 
solution of oxygen in the cubic phase. If one were to assign significance to the small 
measured decrease in cell size of UO, (assuming a UO), , region identical in kind 
but smaller in extent than GRONVOLD’s'”) high temperature solid solution region) 
an upper limit of UO, 9; can be calculated for the UO,, , phase. 

There is some evidence for solid solubility in «-U,0, between UO,.,, and UO, ,,, 
since compositions above UO,_,, no longer show any diffraction lines characteristic 
of UO,. Concurrently, a small decrease in unit cell dimensions for «-U,0, seems to 
occur, but the accuracy with which the parameters can be measured is insufficient 
to permit a firm decision on this point. 

The composition at which 8-U,O, first appears is dependent upon the surface 
area of the oxide and, to some extent, the temperature of oxidation. Thus 8-U,0, 
was identified in UO, 4, obtained by the oxidation of sintered oxide at 250°C, and 
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in UO,.,, prepared from micronized oxide at 210°C, but was absent in UO,.,; 
prepared from the micronized powder at 160°C. 

The cell parameters of 8-U,O, are essentially constant over the entire composition 
range in which it is observed (UO,..7-UO, ¢9) except during the early stages of its 


TABLE 3.—LATTICE PARAMETERS DURING UQ) OXIDATION 





Oxidation 
temp. 


O/U UO; 


; (A) 
Standard oxide: 
5-466 
5-469 
5-468 
5-469 
5-468 ? 
5-468 5-407 
5-417 
5-407 | 
5-407 
5-407 
5-412 
5-411 | 
5-394 | 
5-412 
5-403 | 
5-400 
5-403 | 5-391 
5-392 | 5:378 
5-392 | 5-378 
5-410 | 
5-398 | 5-384 
5-391 | 4-383 
5-391 | 5-388 
5-391 | 5-384 
5-386 
195 5-379 
210 | | | 3°387 
| 210 5-383 
260 | 210 5-378 
Micronized oxide: 
202 | - 
2:29 210 
2:31 210 
232 | 160 
2:36 | 160 
Sintered oxide: 
2-00 | §-471* | no 
2-07 5-469 | 5 ~ 5-388 | 5-378 
2:27 | no | 5 5-400 | 5-391 








* Measured from film. 
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formation from the x-phase. The low value calculated for the c parameter (c/a 
1-026) as 8-U,O, is first being formed may be due in part to strains introduced 
during recrystallization of the solid, and in part to one’s inability to measure the 
%-parameters accurately in the presence of large amounts of the «-phase. 

Below 200°C oxidation of the standard oxide virtually ceases at UO,.,;; above 
200°C evidence for the second oxidation step (to U,Ox) is visible as the composition 
reaches UO, ,,. Appearance of the orthorhombic phase at this composition indi- 
cates the absence of an appreciable U,O,., solid solution; measurements on mix- 
tures of 3-U,0, and U,O, show that ~5 per cent U,O, is the lower limit for detec- 
tion of this phase. A poorly crystalline material prepared at 250°C was used to 
arrive at this limit; well crystallized U,O, could be detected in somewhat smaller 
amounts. The phase limit is in agreement with that found by ARONSON et al.“), but 
not with ANDERSON’? or with Perio‘) who report an upper limit of UO, 4o. 

In their investigation of the UO, + U,O, oxidation, ARONSON et al.‘4) conclude 
that nucleation of U,O, on the particle surfaces must occur early in the oxidation 
process because the surface quickly reaches the composition U,Q,. 

Our results appear to contradict this assumption, since the orthorhombic phase 
has never been observed in the presence of «-U,0, alone. Apparently U,O, must 
nucleate from $-U,O, and can, therefore, not be formed during the initial stages 
of the oxidation. 

Crystal structure. We have tried to obtain a complete structure determination 
on the U,O, phases, but without much success. Because of the wide disparity in 
scattering power of uranium and oxygen for X-rays, it is desirable to work with 
single crystals or to use neution diffraction techniques in order to determine oxygen 
positions. The preparation of single crystals appears to be impossible because of 
sample instability. Neutron diffraction studies with powders revealed little informa- 
tion because of limited resolution and the subsequent overlap of maxima. In a typical 
pattern of 8-U,0,, five lines could be considered to be free of interference. The 
intensity distribution required that the arrangement of oxygen atoms in UO, be 
essentially retained in 8-U,O,. The location of the remaining oxygen could not be 
determined, however, and X-ray intensities indicated that a shift in uranium posi- 
tions as well as oxygen addition to the cell is involved. 

The lattice dimensions of the U,;O, phases have generally been reported in terms 
of a face-centred tetragonal cell derived from the UO, fluorite-type cell. The dimen- 
sions should, of course, be given in terms of a body-centered cell, with a = 3-84 A, 
c = 5:40 A for a-U,O, and a = 3-78, c = 5:55 A for 8-U,O,. The true unit cell is 
probably a multiple of the body-centred pseudo-cell which contains two uranium 
and 4-67 oxygen atoms (e.g. U,O,, or U;,O,,). 

Density measurements. Our interest in the density of the U,O, phases was oc- 
casioned by PERIO’s statement‘? that the measured density of his x-U,0, was indica- 
tive of uranium vacancies in the lattice. As we have noted earlier, the 8-U,O, density 
is generally conceded to indicate oxygen addition to the lattice. 

The X-ray density for UO, is 10-97 g/cm’. Experimental measurements. however, 
frequently give densities as much as 10 per cent below the theoretical values because 
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of voids or closed pores within the crystal.‘!7) Results obtained by liquid and gas 
displacement techniques are generally in good agreement. Our standard UO, 
preparation gave a measured density of 10-1 g/cm’ as measured by a liquid dis- 
placement vacuum pycnometric technique. The experimental densities of our «-and 
8-U,O, were almost identical (10-62 and 10-60 g/cm’). Since both phases are more 
dense than the parent UO,, we must conclude that they are both indicative of oxygen 
addition to the lattice. 

Oxidation of active UO, at 25°C. The oxidation of active UO, is taken up sepa- 
rately here because an entirely different mechanism appears to be involved. As has 
been pointed out, the oxygen content of an active uranium oxide in equilibrium with 
dry air at room temperature is dependent upon the oxide surface area. One of our 
preparations with a measured area of 30 m?/g had an equilibrium composition 
approaching UO, ;,. A KBr disk containing | per cent of the oxide gave an infrared 
spectrum characteristic of amorphous UOQ,."!8) Absorption maxima were observed 
at 900 cm~' and 725 cm~'. As stated earlier, ROBERTS has estimated that the surface 
oxidation of UO, (at 25°C) penetrates to a depth of 10 A if the product is UO,. This 
estimate can be shown to be in satisfactory agreement with our results. If one as- 
sumes that the UO, particles are spherical, a surface area of 30 m?/g will give a particle 
diameter of approximately 100 A. A UO, surface coating 10 A thick on the 100 A 
particle would give an O/U ratio of 2-49. 

Oxidation of U,Ox,. Very little information has appeared concerning the oxidation 
of U,O,. ANDERSON ef al."!) reported that U,O, oxidizes very little below 200°C. 
We find, however, that U,O, can readily be oxidized to UO, ,, at temperatures as 
low as 160°C. 





A: ¢el= 4 £4 exp(-ktn?)7 
8: kte1—(1-¢)*3 - 236 
C: kts [i-c1-e)'3]® 


% OXIDIZED 


_ 


U02 —= U0, 
© 120°C 
4 190°C 
x 210°C 

Us0g—~ U307 
+ 200°C 

1 











2 


t/t, 


Fic. 1.—Oxidation of UO2 and U4Oo. 


(17) J. BELLE, WAPD-184, September, 1957. 
(8) H.R. Hoekstra and S. SreGcer, The Proceedings of the Second International Conference on the 
Peaceful Uses of Atomic Energy, Geneva, 1958, 15/p/1548. 
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The kinetics (see Fig. 1) indicate that this reaction is also diffusion controlled. 
No evidence is found, however, for the existence of «-U,O, during the oxidation 
of U,O,. As oxidation progresses, the cubic U,O, cell is gradually replaced by a 
tetragonal structure whose c/a ratio is approximately 1-016. This phase appears to 
be identical with the UO,., phase prepared by annealing experiments (see below) 
and is in turn replaced by a disordered 3-U,O, (c/a = 1-026) which can be annealed 
to the conventional 8-U,0, with c/a = 1-031. Table 4 summarizes the data on this 
system. Crystallization of the UO, , and 8-U,0, phases is sluggish, and their com- 
positions were confirmed by annealing studies. 


ANNEALING EXPERIMENTS 


Our annealing experiments have demonstrated the instability of «-U,0,, defined 
the stability limits of 8-U,O, and a third tetragonal phase, UO, ,, and provided 
some evidence for the thermodynamic stability of these two phases. Table 5 lists 
the results of the annealing experiments. 


Appeorance of a-phose 





























6° 56° 
— 278 


Acad 


Fic. 2.—Appearance of x-U3;07. 


Since mixtures of «-U,O, and UO, are so readily converted into U,O, and UO,, 
the «-tetragonal phase may be classed as a metastable compound under these con- 
ditions. The results are in substantial agreement with Perio‘) and with WILLARD- 
SON ef al,‘19) 

The 8-phase appears to be stable at 300°C, but at higher temperatures a new 
phase is formed which is slightly oxygen-deficient relative to U,0,. The phase 
exhibits some variation in composition as evidenced by the c/a limits. The results 
are in general agreement with ANDERSON’s')) observations; PERIO reported the 
existence of two intermediate phases, but our data justify the identification of only 


“9 R.K. WILLARDSON, J. W. Moopy and H. L. Goerina, J. Inorg. Nucl. Chem. 6, 19 (1958). 
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one phase in this region. Above 500°C the products of the annealing procedure 
are U,O, and U,O,. It should be borne in mind that the orthorhombic phase is 
more exactly written as U,O,_,. Since we have made no attempt to determine the 
true composition, we shall refer to the phase simply as O,Us. 

The intermediate phase between U,0, and U,O, is designated as UO,.,; on the 
basis of the annealing studies under (C). A sample of empirical composition UO), 3 


TABLE 4.—OXIDATION OF U4Og 





Oxidtn U40o Tetragonal 


a (A) 


5-438 no 
5-441 - tr 
5-444 5-407 
5-437 5-400 
5-438 5-400 
5-437 

5-438 5-400 
5-438 5-400 


ve) 
UM Ww w >? 


NNN hb Pt 


~“ 





TABLE 5.—ANNEALING STUDIES 





Anneal UO, U4Oo Tetragonal 


O/U 
temp. a a a (A) ¢ 


A. Annealing of «a-U307 + UO, mixtures 


12 210 5-466 
16 400 5-463 
18 210 5-467 
25 210 no 

25 400 (5°463) 


NNN NN 


Annealing of 8-U3;07 


no trace 
no trace 


no no yes 
no no | yes 
no no yes 
no 5-437 | yes 
no | 5-438 yes 


NNN N WN 
t t t t 


2) 


. Annealing of U4O9 oxidation products 


30 400 5-406 
‘31 | 5-416 
31 5-406 
35 5-390 


NNN NO 
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which had been annealed at 400°C, showed a single phase with c/a = 1-016. At 
UO,,.;,, the presence of U;O, was visible in addition to the tetragonal phase. The 
UO,.,, sample annealed at 200°C ahowed no U,O, because the second phase ex- 
pected at this temperature would be 6-U,0O,. 


U02 oe 
55°70 


4 55°66 


Koes (a) 
—- 











U0 34 (A) 











$7° 56° 55° 
Fic. 3.—Intensity distributions for UO, «- and $-U307 near 20 = 56°. 
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g UO, t e- U307 ; 
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fe) 
20 2: 22 23 24 25 26 
O/uU RATIO 


Fic. 4.—Tentative phase diagram, UO -U;Oxg. 


4 











The compounds identified in this region of the U-O phase diagram are: U,O” 
(with c/a ostensibly unity), the UOQ,., with c/a = ~1-016 and 8-U,O, with c/a = 
1-031. If one were to assign a whole-number composition to the UO,., phase, the 

12 
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simplest would be U,0,,(UO, 5). At present the data are insufficient to confirm this 
formula, and we shall refer to the compound as the UO, , phase. 
Our attempts to observe the reaction 


U,0, “T U,0, “ 6-U,0, 


i.e. the reverse of the disproportionation reaction, were unsuccessful. A sample of 
8-U,0, was converted to U,O, and U,O, by annealing 6 days at 750°C The sample 
was then annealed for 575 hr at 430°C and for 575 hr at 330°C. No trace of 8-U,0, 
or the UO,., phase was observed in the final product. 

The annealing experiment on UO, 3 provides perhaps the first positive indication 
of the thermodynamic stability of this phase in relation to U,O, and U,O,. Refer- 
ence to the UO, ,) composition of Table 4 reveals that a considerable amount of 
U,O, was present in the partially oxidized sample. After the annealing treatment, 
however, no U,O, was detected. The results suggest that the UO, , phase is more 
stable at the annealing temperature than is the U,O,-U,O, combination. 

Fig. 4 is the tentative phase diagram we derive for the UO,- U,O, system based 
on the results given in the previous pages. The high temperature portion of the 
phase diagram is taken from the data given by GRONVOLD'"? and BLACKBURN'20), 


Acknowledgement —We are indebted to Louis Fucus of the Chemistry Division who performed 
the surface area measurements on our oxide samples. 


20) PE. BLACKBURN, J. Phys. Chem. 62, 897 (1958). 
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THE ACETONE COMPLEX OF NITROPRUSSIDE ION 


K. W. LoacH and T. A. TURNEY 
University of Auckland, Auckland, New Zealand 


(Received 27 April 1959; in revised form 29 March 1960) 


Abstract—The nitroprusside ion, which may be regarded as a special carrier of the nitrosonium 
ion, forms a 1:1 complex with acetone, the rate of formation of the complex being the same as 
the rate of enolization of acetone. By considering the infra-red absorption spectrum of the analo- 
gous acetophenone complex some suggestions as to the structure of the acetone complex can be 
made. The latter decomposes in alkaline solution to aquopentacyanide ion and isonitrosoacetone, 
the rate of decomposition being proportional to the concentration of the complex. In 1-6 M NaOH 
the rate of decomposition depends on the first power of the hydroxyl ion concentration, and in 
6-12 M NaOH the rate varies inversely as the cube of the hydroxyl ion concentration. 


THE reaction between methylene groups and nitroprusside ion in the presence of 
alkali is well known."!) Magnetic measurements'2) show the nitroprusside ion to be 
diamagnetic, and suggest that iron can be considered to be in the ferrous state and 
the nitrosyl group in the NO™ state. This is confirmed by an examination of 


the infra-red stretching frequency of the nitrosyl group,’ which is found to lie 
(1938 cm~') between that of nitric oxide (1878 cm ') and that of the nitrosyl ion 
(2220 cm ~'). We can thus regard the nitroprusside ion as a special carrier of the 
nitrosyl group, and its reactions thus bear similarity to those of nitrous acid. An 
examination of the infra-red spectra of nitric oxide complexes of transition metals 
shows the nitroprusside ion to be almost unique in the extent of the polarity of the 
nitrosyl group."4 


EXPERIMENTAL 


Acetone (CP grade) was dried over anhydrous sodium sulphate and used without further purifica- 
tion. Standard solutions of sodium nitroprusside and of sodium hydroxide were made directly 
from AR reagents. 

Nitroprusside solutions were stored in the dark and showed appreciable decomposition after 
a fortnight. Spectrophotometric measurements were made throughout on a Beckman DU spec- 
trophotometer. 

The proportions of acetone and nitroprusside ion reacting together were found by Job’s method©®?. 
Acetone-nitroprusside mixtures were made by mixing 0-1 molar solutions of each to give various 
mole ratios of nitroprusside to acetone, and determinations were carried out in 0-8 M and 10 M 
sodium hydroxide. The optical density of each mixture was measured after 30, 60, 90 and 120 sec. 


{) F, Feic., Spot Tests in Organic Analysis p. 223. Elsevier, Amsterdam (1956). 
) L.W. WeLo, Phil. Mag. 6, 481 (1928). 

9) E. F.G. HERINGTON and W. Kynaston, J. Chem. Soc. 3555 (1955). 

‘) J. Lewis, R. J. Invinc and G. WI LKINsoNn, J. Jnorg. Nucl. Chem. 7, 32 (1958). 
“) W.C. VosBuRGH and G.R. Cooper, J. Amer. Chem. Soc. 63, 437 (1941). 
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The acetone and nitroprusside ion were found to combine in a 1:1 proportion. Equivalent measure- 
ments were made on reaction mixtures lacking acetone but with the same concentration of nitro- 
prusside; the product of the reaction of nitroprusside ion with alkali was found to be unreactive 
towards acetone. 

The rate of reaction was studied with a Y-tube reactor. The rate of formation of the red acetone 
compound was measured by comparison with the rate of formation of iodoform in the same solution. 
One feed flask contained a solution 0-55 M in acetone and 6-2 M in sodium hydroxide, and the other 
a solution of 0-05 M nitroprusside and 0-083 M iodine in potassium iodide solution. On mixing 
the two solutions the red colour of the complex and the iodoform precipitate appeared simultane- 
ously, and almost immediately. By varying the relative flow-rates of the two solutions the reactions 
could be made to occur in the region 3-6 M with respect to sodium hydroxide. Under all conditions 
the red colour and iodoform precipitate appeared simultaneously. 

The rate of decomposition was measured by diluting the nitroprusside-acetone mixture with 
sodium hydroxide and measuring the optical density at 30 sec intervals after mixing. Measurements 
were made for 4—6 min and the mixture was allowed to stand for 8-12 hr to decompose completely. 
The optical density (Do) immediately after mixing was found by graphical extrapolation. If Do was 
assumed to correspond to 100 per cent red complex and Dog after 8-12 hr to 0 per cent, then by 
graphical construction D, could be converted to the percentage of complex at time ¢ after mixing. 
These percentage values could be used to find a rate equation for the decomposition. This experiment 
was carried out over a range of hydroxyl ion concentrations at a wavelength of 5000 A. All measure- 
ments were made starting with solutions at room temperature (20-25°C). It seems probable from 
the fair consistency of the results that small variations in temperature did not have a marked effect 
on the results. 

The following results are for a sample run: — 


NaOH 2:0 M 





Time (min) 

3 00 
D 0-202 0-182 0-172 0:157 0-152 0-076 

°%% complex 100 84 77 65 60 0 
100C 

log 


1-924 1-887 1-813 1:778 


\ 0 





These vaiues when plotted against time give a straight line, the slope of which enables the rate 
constant k’ to be found. 

The decomposed solution is mainly nitritopentacyanide, but shows a strong absorption peak 
at 275 mu which is identical with that from an authentic sample of isonitrosoacetone. The solution 
also gives a strong violet colour with sodium nitrite and acetic acid, which is a qualitative test for 
aquopentacyanide'®’. When a concentrated aqueous solution of isonitrosoacetone and sodium aquo- 
ferropentacyanide were mixed a strong red colour was slowly formed. 

On acidifying the red alkaline mixture with acetic acid a carmine colour was produced, indica- 
ting a new species. The red and carmine compounds were easily prepared in the solid state by 
carrying out the reaction in methanolic solution. The two substances prepared in methanol showed 
the same qualitative properties as those prepared in aqueous solution. The solids prepared using 
acetone were too unstable to permit extended measurements, and therefore the acetophenone 
derivatives described by Camar‘7:8) were prepared in methanol. The alkaline derivative was a dark 


‘6) K. A. HOFMANN, Liebigs Ann. 312, 1 (1900). 
{7) L. CamBt, Chem. Zent. I, 1756 (1913). 
8) L. Campi, Chem. Zent. Il, 1109 (1914). 
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red solid and the acid derivative a blue-violet solid. The infra-red spectrum was measured in the 
wavelength region 2-14 u with the samples as Nujol mulls by means of a Beckman infra-red spec- 
trometer. 


INFRA-RED SPECTRA (cm !) 





Blue compound: 3640 (s) 3460 (s) 3218 (s) 2062 (vs) 1930 (mm) 
1684 (w) 1625 (m) 1600 (m) 1562 (m) 1263 (m) 
1080 (71) 1028 (m) 980 (m) 775 (m) 


Red compound: 3440 (s) 3230 (s) 2062 (vs) 1680 (Ww) 1610 (m) 
1564 (m) 1175 (m) 1155 (m) 1080 (m) 1039 (m) 
1022 (m) 882 (m) 861 (m) 





RESULTS AND DISCUSSION 
On treatment with alkali nitroprusside ion takes part in the reversible equilibrium 
Fe(CN);NO*~ + 20H~ # Fe(CN),NO}~ + H,O 


the product of the reaction being unreactive towards acetone. In the presence of 
acetone, nitroprusside forms a highly-coloured red complex when treated with alkali. 
The rate of formation of this complex is the same as the rate of enolization of acetone 


the reacting proportions being acetone to nitroprusside = 1:1. 
According to Camai”®) the structure of the intermediate red complex is I, and 
this takes part in a further equilibrium with hydroxyl ions giving II. 


O 30H-[ 0 
Fe(CN),N ~—_ | Fe(CN),N 


CH,COCH;} H CHCOCH,, 


carmine red 


I II 
Form | might be regarded as being in tautomeric equilibrium with III 


/OH . 
Fe(CN);N 
CHCOCH, 
Ill 


which can then undergo loss of a proton from the hydroxyl group to give II. This 
rearrangement to an oxime-type structure parallels the known rearrangements of 
aliphatic nitroso-compounds to oximes. 

The blue acetophenone compound shows a medium strength frequency at 
1930 cm~! corresponding to the nitrosyl absorption. There is a weak carbonyl bond 


‘*) N,V. SiwoGwick, The Chemical Elements and Their Compounds p. 1345. Clarendon Press, Oxford 
(1950). 
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at 1684 cm ' which suggests the modified formula 


OH 
No 
No = C“C.H, 


Fe(CN),N 


‘and other assignments fit this formula well. 
The formula of the red acetophenone compound on this basis is probably 


/fO a 
Fe(CN),N- 
‘CH—CO—C,H, 


The infra-red spectrum shows no N = O absorption but there are bands at 1175 
and 1155 cm~' in the region (1000-1200 cm~') expected for an NO~ group. 
The rate of decomposition of the complex in solution appears to follow the rate 


law 


—d(complex)/dt = k{complex}[(OH }" 
and in the presence of a large excess of alkali 
—d(complex)/dt = k’[complex] 
whence k’ = k{OH }" 
and log k’ = logk + nlog[OH ] 


where k’ is the experimental rate constant. 
The values of log k’ found at all alkali concentrations are:— 


[OH ~] 1-0 2:0 4:0 478 7:31 8-0 8:53 9-75 12:2M 
—log k’ 1-337 1-064 0-799 0-741 0-932 0-975 1-207 1-276 1-574 


A curve showing log k’ as a function of log [OH ] consists of two parts. The 
first, in the range 1-0-6-0 M, has a slope of 0-9; the second, in the range 6-01-12-0M, 
has a slope of —2-95, and hence the corresponding rate equations for decomposition 


are 


—dc/dt = k,[complex][OH “] 
—dc/dt = k{[complex]/[OH-}’ 


k, 46107? 1. mole™! min~') 

20°C 
k, 4-0 mole? 1.~? min=' 

The decomposition reaction appears to be 


complex=[Fe(CN),(H,O)] — -— -+ CH,;,COCH,.NOH 


the reaction being reversible. 
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The kinetics in 1-6 M sodium hydroxide suggest a bimolecuar mechanism in- 
volving attack by the hydroxyl ion on the alkaline complex to give hydroxyferro- 
pentacyanide. 


[Fe(CN),.NO.CHCOCH,]*~ + OH~=[Fe(CN),OH]}*~ + CH,COCHNO 


The results of Campi and Szeco"” suggest the existence of an equilibrium, 


between aquoferropentacyanide and hydroxyferropentacyanide 
[Fe(CN),H,O]}*> + OH~ =[Fe(CN),OH]*~ + H,O 


as shown by changes in the absorption spectrum of aquoferropentacyanide with 
changing pH. 

No explanation of the rate in 6-12 M alkali can be given. The rate is probably 
related to the decrease in the water activity and hence in the rate of formation of 
aquopentacyanide, but no simple relation emerges. 
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Mr. L. D. CoLeBRook who carried out the infra red determinations. 
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ZIRCONIUM-MANDELIC 
ACID COMPLEXES IN ETHANOL* 
T. J. Cottopy+ and J. J. KLINGENBERG 
Department of Chemistry, Xavier University, Cincinnati, Ohio 
(Received 23 March 1960) 


Abstract — Spectroscopic data in the range 240 to 270 mu have shown that zirconium tetrachloride 
and mandelic acid react in ethanol to form zirconium tetramandelate. Similar reactions occurred 
when p-chloromandelic acid and p-bromomandelic acid were used. 

IN 1947 Kumins"? discovered that mandelic acid quantitatively and selectively 
precipitated zirconium from solution in acid medium. KUMINS believed that the 
compound formed was a simple salt, zirconium tetramandelate i. e. Zr(C,H,;O;),. 
FeiGL” however postulated a chelate type structure 


C,H,;CH—CO C,H,<CH—CO 


~~ 


mn ee +H+ 


\ " I 4 
Zr 


4 


to explain the solubility of zirconium mandelate in aqueous ammonia. Experiments 
by HAHN and Weser™? substantiated this view and the chelate structure has been 
adopted by BLUMENTHAL” who refets to it as tetramandelatozirconic acid (H,Zr 
(C,H,O;),). 

HAHN and BaGiINski® were able to prepare precipitates corresponding to 
zirconium tetramandelate at high acid concentrations only. To account for this 
they postulated the existence of basic salts formulated by BLUMENTHAL™) as: 
HZrOOH(C,H,O;); H,ZrO (C,H,O;),; H;ZrOH (C,H,O;);. 


* Part of a thesis submitted by T. J. Collopy in partial fulfilment of the requirements for the degree 
of Master of Science, Xavier University, June, 1959. 

+ Present address: National Lead Company of Ohio, P.O. Box 158, Mt. Healthy Station, Cin 
cinnati 39, Ohio. 

| C.A. Kumins, Analyt. Chem. 19, 376 (1947). 

‘2) F. Feict, Chemistry of Specific, Sensitive and Selective Reactions Academic Press, New York 
(1949). 

‘9) R. B. HAHN and L. Weser, J. Amer. Chem. Soc. 77, 4777 (1955). 

‘*) W. BLUMENTHAL, The Chemical Behavior of Zirconium. Van Nostrand, New York (1958). 

‘) R. B. HAHN and E.S. Baginski, Anal. Chem. Acta 14, 45 (1956). 
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These conclusions are based on a study of the precipitate after formation. An 
alternate approach would be to study the nature of the complex or complexes present 
in solutions containing zirconium and mandelic acid. An applicable tool for studying 
the mole ratios of components in complexes is the Method of Continuous Variation 
first developed by Jos”. The general approach by this method involves the meas- 
urement of the absorbance at selected wavelengths for varying proportions of 
zirconium and mandelic acid in solution. If the difference between the observed 
absorbance and that calculated for no complex formation is plotted againts the mole 
fraction of either component, the appearance of a maximum or minimum in the 
curve indicates that complex formation has occurred. Furthermore, the position of 
the maximum furnishes the mole ratios of the components present in the complex 
provided that only one complex has formed. VossuURGH and Cooper™ have shown 
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Fic. 1.—Absorbance vs. wavelength for 
solutions containing (1) 0-0015 M zirco- 
nium tetrachloride, (2) 00060 M mandelic 
acid, and (3) 0-0015 M zirconium tetra- 
chloride plus 0-0060 M mandelic acid. 


Fic. 2.—Absorbance vs. wavelength for 
solutions containing (1) 0-0015 M zir- 
conium teatrchloride, (2) 0-0025 M p-chlo- 
romandelic acid, and (3) 0-0005 M zirco 
nium tetrachloride plus 0-0020 M p-chlo- 
romandelic acid. (Data from curves | and 
2 must be adjusted to the concentration 
of the reactants in curve 3 prior to 
comparison). 


‘*) P. Jos, C. R. Acad. Sci., Paris 184, 204 (1927). 


(7) P. Jos, Ann. Chim. 9, 113 (1928). 
(8) W.C. VosspuRGH and G. R. Cooper, J. Amer. Chem. Soc. 63, 437 (1941). 
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how the method of continuous variation can be extended to situations in which 
several complexes are present but the results are less conclusive and must be evaluated 


more cautiously. 
Because of the apparent complexity of zirconium ion in aqueous solution, this 
study was confined to ethanolic solution. Alcohol was chosen over other non-aque- 





o9 


Absorbance 











3. Absorbance vs. wavelength for solutions containing (1) 0-0015 M zirconium tetra- 
chloride, (2) 00015 M p-bromomandelic acid, and (3) 0:0003 M zirconium tetrachloride 
plus 00012 M p-bromomandelic acid. (Data from curves | and 2 must be adjusted to 
the concentration of the reactants in curve 3 prior to comparison). 


ous solvents because of its lack of absorption in the spectral region employed. 
Since OrspeR and KLINGENBERG”’ demonstrated the similarity of p-chloro and 
p-bromomandelic acid to mandelic acid in their reaction with zirconium these acids 
were also included. 

EXPERIMENTAL 


Materials. The reagents which were used in this investigation were mandelic acid (N. F. grade), 
p-chloromandelic acid (m. p. 120-121°C), p-bromomandelic acid (m. p. 117-119°C) and zirconium 
tetrachloride (Coleman and Bell, 95-100 per cent grade). The solvent used was spectral grade 
ethanol. 

Apparatus. The absorption spectra of the various solutions in the wavelength range, 240 to 270 mu 
were obtained using a Beckman Model DK-2 spectrophotometer employing matched silica cells 
of 1 cm path length. Measurement at fixed wavelengths were made with a Beckman Model DU 


sPectrophotometer using matched | cm silica cells. 


‘9. R.E. Ogsper and J. J. KLINGENBERG, Analyt. Chem. 21, 1509 (1949). 
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mole fraction for various solutions of zirconium tetra- 
chloride and mandelic acid. 


Fic. 5.—Corrected absorbance (Y) vs. mole fraction for various solutions of zirconium tetra- 
chloride and p-chloromandelic acid. 
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Fic. 6.—Corrected absorbance (Y) vs. mole fraction for various solutions of zirconium tetra- 
chloride and p-bromomandelic acid. 
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TABLE !.—ABSORBANCE MEASURED FOR SOLUTIONS CONTAINING ZIRCONIUM TETRACHLORIDE 
AND MANDELIC ACID 





Mole fraction ; AzrCz, AmaCma Blank cell ~=(¥ x 103)* 
mandelic acid 


0 

0-1 
0-2 
0:3 
0-4 
0:5 
0-6 
0-7 
0:8 
0-9 
1-0 





. 


Ameas — (either A7-C7, + AMACMA OF 4zrCz,_+ cell corr). 
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Procedure. Preliminary tests were conducted to determine whether complex formation could be 
detected by absorption spectroscopy. Ethanolic solutions were prepared containing known amounts 
of zirconium tetrachloride, the organic acid, and a mixture of zirconium tetrachloride and the or- 
ganic acid. The spectral curves for these solutions were measured using a Beckman Model DK-2 
recording spectrophotometer with matched 1 cm silica cells. 

The spectral curves were examined for complex formation by testing various wave lengths to 
determine whether the absorbance for the concentration of the mixture differed from the sum of 
the absorbance for the individual components at the same concentration as the mixture. 

The tests to determine the mole ratio of the components in the complex (or complexes) which 
formed were conducted by preparing stock solutions containing equal concentrations of zirconium 
tetrachloride and’ the organic acid. This was done by dissolving the solid reagents individually in 
spectral grade ethanol. The stock solutions were mixed thoroughly and transferred to burettes 
for measuring accurate aliquots. The solutions containing the varying mole fractions of mandelic 
acid to zirconium tetrachloride were prepared by measuring from the respective burette a quantity 
of each solution corresponding to 0-1 through 0-9 mole fraction of mandelic acid. The optical 
density of these solutions, together with the stock solutions, was measured with a Beckman Model 


TABLE 2.—ABSORBANCE MEASURED FOR SOLUTIONS CONTAINING ZIRCONIUM 
TETRACHLORIDE AND P-CHLOROMANDELIC ACID 





Mole fraction 
p-chloro- 
mandelic acid 


Az,Czr AcmMACCMA 








h = 259-5 mu 


0-038 (1-0) 
0-038 (0-9) 
0-038 (0°8) 
0-038 (0-7) 
0-038 (0-6) 
0-038 (0-5) 
0-038 (0-4) 
0-038 (0-3) 
0-038 (0-2) 
0-038 (0-1) 


A = 266 mu 


0 0-032 0-032 (1:0) 


+ 


0-1 
0-2 
0-3 
0-4 
0:5 
0-6 
0-7 
0-8 
0-9 
1:0 


0-100 
0166 
0-229 
0-287 
0-344 
0-398 
0-455 
0-491 
0-593 
0-700 


0-032 (0-9) 
0-032 (0:8) 
0-032 (0-7) 
0-032 (0-6) 
0-032 (0:5) 
0-032 (0:4) 
0-032 (0-3) 
0-032 (0:2) 
0-032 (0-1) 


0-700 (0-1) 
0:700 (0-2) 
0-700 (0-3) 
0-700 (0-4) 
0-700 (0:5) 
0-700 (0-6) 
0-700 (0-7) 
0-700 (0:8) 
0-700 (0-9) 
0-700 (1-0) 


| 


| 


hwn — | 
AMANNWO— Oo 


| 
| | ! 


! 


>n~ 
So 


7) 


o 





* Ameas — (AZrCZr 


ACMACCMA): 
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DU spectrophotometer using matched silica cells at a wavelength decided upon from the scoping 
tests described above. The method of continuous variation was applied to the absorption data for 
these solutions to establish the mole ratio of zirconium to organic acid in the complexes formed. 


RESULTS AND DISCUSSION 


Figs. 1, 2 and 3 present the absorption curves in the region of 240 to 280 mu of 
ethanolic solutions containing only zirconium tetrachloride; only mandelic, p-chloro- 
or p-bromo-mandelic acid; and solutions containing mixtures of zirconium tetra- 
chloride and one of the organic acids. In each case the absorption curve indicates 
that complex formation has occurred since the sums of the measured absorbances for 
the zirconium solution and the respective organic acids do not equal the absorbance 
of mixtures of the two in the same concentration. 

The variation in absorbance at the wavelengths selected with the mole fraction 
of organic acid present is shown as follows: 


TABLE 3 ABSORBANCE MEASURED FOR SOLUTIONS CONTAINING ZIRCONIUM 
TETRACHLORIDE AND Pp-BROMOMANDELIC ACID 





Mole fraction 
p-bromo- AzCz, AgMACBMA 
mandelic acid 





259°5 mu 





0-032 
0-091 
0-153 
0-220 
0-271 
0-347 
0:416 
0-473 
0-532 
0:576 
0-614 





(A7-C7z,° 4BMAC BMA) 





Zirconium-mandelic acid complexes in ethanol 


Table | and Fig. 4 for the zirconium-mandelic acid system. 

Table 2 and Fig. 5 for the zirconium-p-chloromandelic acid system. 

Table 3 and Fig. 6 for the zirconium-—p-—bromomandelic acid system. 

These data are consistent in showing either a maximum or minimum at 0°8 mole 
fraction of mandelic, p-chloro- or p-bromomandelic acid respectively. This indicates 
that a | to 4 ratio of zirconium to organic acid exists in the complex present in alco- 
holic solution. The fact that the maxima or minima occurred at the same point at 
various wavelengths is attributable to the formation of but one complex in the 
system, 

This investigation has demonstrated that complex formation does occur in etha- 
nolic solution when low concentrations of zirconium tetrachloride and mandelic acid 
o1 its chloro- or p-bromo-derivatives are mixed together. Data were presented 
which indicate that the mole ratio of zirconium to organic acid was one to four. 
These data thereby support the mole ratio of | to 4 previously suggested by HAHN 
and BaGiNskI® for the zirconium mandelate precipitate formed in their work. 
Studies of the aqueous system are now being made in an effort to find the number 
and kind of complexes existing in water solution. 
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ZINC CHLORIDE 
AND ZINC BROMIDE COMPLEXES—I 


CATION-EXCHANGE STUDIES WITH ZINC-65 TRACER 


E. L. SHort and D. F. C. Morris 
Department of Chemistry, Brunel College of Technology, London W.3 


(Received 27 January 1960; in revised form 28 March 1960) 


Abstract —Zinc-65 tracer has been used, together with a cation-exchange resin in the H* form. 
to determine the stability constants of zinc chloride and zinc bromide complexes. The following 
results, valid for 20°C and ionic strength 0-691 M (maintained with perchloric acid), were obtained: 


ZnCl system, 3; 5-3, 823-1, 830-64, B4 1-5 
ZnBr system, 8; 1-65, 82 0-79, 830-18, 840-1 


The complexes were indicated to be mononuclear under the conditions of the experiments. 


For the investigation of complex systems and the determination of stability constants, 


radiotracer methods are frequently of great value. For example, such methods may 
often be employed in cases where suitable electrodes cannot be found for a potentio- 
metric study, and suitable absorption bands are not available for a spectrophoto- 
metric investigation. In addition to the fact that it is frequently simple to assay 
small amounts of radionuclides, the use of low concentrations of carrier-free radio- 
tracers reduces the possibility of polynuclear complex formation and no correction 
need be made for the amount of complexing substance tied up by the ion being 
studied. 

In the present investigation “Zn tracer has been used, together with a cation- 
exchange resin, to determine the stability constants of zinc chloride and zinc bromide 
complexes. The resin, Zeokarb 225, has been employed in the H* form and the 
ionic strength of the solutions has been kept constant (0-691 M) by the use of per- 
chloric acid. The distribution of the radiozinc at equilibrium between the ion-ex- 
changer and the complex solutions has been determined by y-scintillation counting. 
The conditions employed have been similar in most respects to those used by 
CARLESON and [RvING‘!? in their study of indium halide complexes, and our results 
for zinc should be comparable with their data for indium. 

The radioisotope **Zn has a half-life of 245 days. It decays to stable “Cu, and 
the radiations involved with energies in MeV are —EC (98-5 per cent), 8* 0-324 
(1-5 per cent), y 1°119 (45 per cent). 


(> B. G. F. CaRLESON and H. M. N. H. Irvine, J. Chem. Soc. 4390 (1954). 
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METHOD 


The method employed to derive the individual stability constants 8, = [ZnA?~/]/ 
[Zn?*][A -, (i = 1, 2, 3, 4; A= Cl, Br), has been developed from that originally 
used by Fronaeus™). 

The following notation is used (cf. CARLESON and IRVING"): 

Cyn, Cx, = total concentrations (mole/I.) of zinc and halide in solutions before 

addition of the ion-exchange resin. 
corresponding total concentrations in the solution after equilibration 
with the resin. 

= equilibrium concentration of a species in aqueous solution. 
equilibrium concentration of a species in the resin phase (moles/g. dry 
resin). 

_ (Cz.)p/Czn- 


1+ S'BIA-Y; X,=(% 1-8 DMA]; = (Xo = X, By = I. 
j=1 
initial volume of the solution. 
volume at equilibrium (where the factor 3 is due to the swelling of the 
dry resin in contact with solution). 
weight of the dry resin used. 
There is no evidence for zinc perchlorate complexes,'3) so that at equilibrium: 


Cz, = [Zn**] + [ZnCl*] + [ZnCl] +... 


= [Zn?*] (1+ b> B,[A-Y), 


j=l 


and if it is assumed that the concentration of complexes with zero or negative charges 
in the cation-exchange resin is negligible* 


(Coax = [Zn**]}p+[ZnCl*]p (1) 
If the law of mass action is applied to the exchange equilibria 
Zn** +2(H*)p = 2H* +(Zn?*)p 
ZnCl* + (H*)p @H* + (ZnCl*), 


2 +72 " . 
Lt a et @) 
[Zn**] (H*] [ZnCl*] [H"] 


* KRAUS, MICHELSON and Netson™) have demonstrated strong adsorption of some negatively 
charged chloro-complexes by cation-exchange resins, particularly from solutions of high ionic 
strength. However, they have shown that this effect is essentially negligible in the case of Zn(ID. 
We have found no evidence for reaction of Zn with the aromatic part of the resin (as occurs 
with Hg(I1l)). 

S. FRONAEUS, Acta Chem. Scand. 5, 859g (1951); Svensk. Kem. Tidskr. 65, 19 (1953). 
R.H. Stokes and B. J. Levien, J. Amer. Chem. Soc. 68, 333 (1946). 

K. A. Kraus, D.C. MICHELSON and F. NELson, J. Amer. Chem. Soc. 81, 3204 (1959). 
H. F. WALTON and J. M. Martinez, J. Phys. Chem. 63, 1318 (1959). 
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In equation (2) ky and k, are functions of four activity coefficients. However, if the 
load (Cz,,)g is kept reasonably constant and < [H*]p, both [H‘], and the activity 
coefficients in the resin phase are effectively constant. These conditions were satisfied 
in the present work, and since [H*] was kept constant as was the ionic strength of 
the aqueous phase (and hence activity coefficients), kp, k,, and /,/,, may be presumed 
to be constants. 


The distribution of zinc between resin and solutions is given by: 
® = (Cz,)e/Czn = (1 + ITA )/X (3) 
using equation (2), the definition of 8,, and putting /’; = /,3,//). In addition 
vCz, = vdCz, + m(Crn)p (4) 
Equation (4) permits the calculation of the load, (Cz,)g from the experimental values 
of C;,, Cz,s ¥, m, and 8, and thence the value of ®. Since in all experiments C;, 
< C,,[A } is obtained with sufficient accuracy from the relationship [A ] ~ Cy, = 
C,/5. One may thus obtain corresponding values of ® and [A~] which must 
satisfy equation (3), and the problem is to determine the desired stability constants §3,. 
Use is made of two parameters: 
®, = (h®-'—1)[A7] (5) 
f = (h®~"{(8, 1, [A-]—1} + DAP (6) 
By substitution of the value of ® from equation (3) the following relationships are 
obtained: 
8,—1, +[A]X; 
(1 + [A ]) 


8, + [A ]{X6, -1;)—X3} 
(1 + /,[A7]) 


Since X, *8{A ]'/ is always a monotonic increasing function of [A™] 


i 


f= Lt. Alf = 8,(8,—l)—82 


[A-]}+0 
The necessary graphical extrapolations can be made, e. g. in Fig. 1. 
By combining equations (5), (6) and (7), it can be shown that: 


f = 8,9,—-X, (11) 

Then if Af = f—f°, and A®, = O,—9?, 
Af[A-] = (8, A®,/[A-)—8,—BA] (12) 
An approximate value for 8, may be obtained from the slope of the plot of 


Af/[A~] against A®,/[A-] at high values of A®,/[A‘]. Iterative plots of (8, A®,/ 
[A~]—A/f/[A"]) vs. [A>] may then be made using different values for #,, until 
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a straight line is obtained, e. g. see Fig. 2. The value of 8, which yelds a rectilin- 
ear plot is taken as the correct magnitude for this stability constant. The slope of 
the straight line corresponds to 8,, and / is equal to the intercept on the (8, A®,/ 
[A ]—A,/[A~])—axis. The value of 8, may be evaluated from equation (10). This 
mathematical procedure ensures that all the experimental results are employed 
towards the derivation of each stability constant. 

The method employed in the present study is based on the assumption that no 
polynuclear zinc complexes are formed. As a check, measurements were made with 
different concentrations of zinc in the range 2°65x10-°M to 1:06 10~*M for 
different halogen acid concentrations. The values obtained for ® were independent 
of the metal concentration, thus giving a strong indication that the complexes are 
mononuclear. 

As our work has been performed at an appreciable acidity, there should be no 
complications due to hydrolysis of the hydrated zinc ion (Ky = 2:2 10 '°) or to 
the formation of hydroxy-halide complexes. 


EXPERIMENTAL 


Zinc-65 tracer of high specific activity was supplied as the chloride by the Radiochemical Centre, 
Amersham. The radiochemical purity of the material was checked by measurement of the decay 
of its y-radiation and by recording the y-ray spectrum with a --scintillation spectrometer. The 
decay and energy measurements confirmed the radiochemical purity. 

The tracer was converted to perchlorate by passage through an anion-exchange column in the 
perchlorate form. Afterwards tests for traces of chloride were carried out periodically and were 
always negative. Solutions of hydrochloric acid, hydrobromic acid (constant boiling mixtures 
distilled immediately before use), and perchloric acid were all of AnalaR grade. 

The cation-exchange resin Zeokarb 225 (8 per cent DVB), 30-50 mesh, was transformed to the 
H * form, dried over “Anhydrone™, and stored in a closed bottle. The exchange capacity was found 
to be 3-64 milliequivs per g. of “Anhydrone dried” resin. 

Distribution measurements were performed by mechanically shaking 15 ml (v) of solutions 
of zinc complexes (5-3 x 10-5 M, Zn), made up from stock radiozinc, halogen acid, and perchloric 
acid, with 0-5 g (m) portions of dry resin in 50 ml Pyrex tubes fitted with ground glass stoppers. 
All experiments were performed at 20+ 1°C. Shaking was carried out for 36 hr to ensure the attain- 
ment of equilibrium. After equilibration, 2 ml of each aqueous phase was accurately pipetted into 
standard polythene counting cells and counted at constant geometry with a Nal(Tl) y-scintillation 
counter, type 1186A. The measured activities were corrected for background. A curve of counting- 
rate (corrected for background) against zinc concentration was plotted for standard reference 
solutions of known concentration. No adsorption of radio-zinc on the walls of the stoppered tubes 
was ever detected. 

The swelling factor 8 was determined by shaking v = 15 ml of standard halogen acid with 
m = 0°5 g of resin and determining the change in hydrogen-ion concentration after equilibration. 
A value of 0-98 for 8 was always found. Since throughout the experiments v/m = 30-00 ml/g, the 
joad could readily be calculated from equation (4) in the form (Cz_)p = 30(CZ_,—0-98CzZ,). 


RESULTS 


The experimental results for the effect of halogen acid concentration on the cation- 
exchange distribution are given in Table 1, and the application of the graphical 
procedures is illustrated in Figs. | and 2. In order to obtain satisfactorily consistent 
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Evaluation of a9 and f° for the zinc-chloride ion system. 

















Fic. 2.—Evaluation of 8;, 83 and 84 for the zinc—chloride ion system. 
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Series of functions, it was necessary to carry out a certain amount of curve fitting 
within the limits of counting errors (+0-5 per cent). 


TABLE |.-- EFFECT OF THE HALOGEN ACID CONCENTRATION ON THE CATION 
EXCHANGE DISTRIBUTION 





1A) | 105Cz_ | 10%CzR| > | © f | Ada | AffA-} 
(mole//) | (mole//.) | (mole/g) (//g) | (mole//)~! | (mole//)-? | (mole//)-2 | (mole//)~ 3 


{ 





(a) ZnCl sysTEM 


53-11 (0-496) (—0-443) - 

52-64 0-501 —0-412 0-625 
52:26 0-5082 ~0-385 0-6035 
51-42 0-523 -0-331 0-5861 
51-03 0-531 —0-293 0:5498 
50-38 0-542 ~0-2635 0-5231 
48-87 0-5596 —0-2062 0-4819 
47-82 0-5770 —0-1715 0-4503 
46-17 0-5936 —0-1443 0-4298 
45-24 0-611 —0-1257 0-4157 
44-06 0-6253 —0-1019 0-4102 
43-34 0-6423 —0-0886 0-4051 
41-08 0-6605 —0-0784 | 0-4044 
40-50 0-6787 -0-0684 | 0-4031 
39-05 0-695 —0-05897 | 0-4026 


(b) Zn Br sysTEM 


52:94) 
| | 531153005 (0-413) 

11:52 | 1 52-63 0-4177 | 0-3733 
23-03 52-52 0-4209 ~0: 0-3343 
46-07 | 52-03 0-4272 ; 0-3082 
69-11 51-76 0-4328 0-2879 
92:13 51-09 0-4378 ; 0-2692 
138-2 50-20 0-4484 0-2562 
184-3 ; 48-69 0-4595 0-2523 
2303 | 2: 47-61 0-47 —0-05336  0-2475 
276-4 46-90 0-481 —0-044 0-246 
3225 ; 45-63 0-4918 —0-035 0:2443 
368-5 | 2: 44-73 0-5022 —0-026 0-2421 
414-6 43-73 0-513 —0-0175 0-2412 
460-7 | 2: 42-61 0-5216 —0-075 0-2357 





Cz, = 53 x 10-5M 


Final values obtained for the overall stability constants 8; and the step-constants 
K, = 8,/8,_, are listed in Table 2. The results confirm that in the case of zinc, chloride 
complexes are of higher stability than bromide complexes. In this respect zinc differs 


from cadmium and mercury (II). 


‘*) Stability Constants, Part 2. Inorganic Ligands. The Chemical Society, London (1958). 
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TABLE 2.—STABILITY CONSTANTS VALID FOR 20°C AND 0-691 M. HCIO, 





2 : Kg 
Zn-Cl 5$:3+0°5 31+05 064+4+02 5 +02 a3 ; ‘ 2:3 
Zn-Br 1:65 +0: 0:79 + 0-1 0-18 + 0-6 





The stability constants found in the present study can be compared with those 
published in the literature provided that due cognizance is taken of differences in 
the activity coefficient functions. The reported constants are listed in Table 3; ab- 
breviations are similar to those employed in the Chemical Society publication on 


stability constants of metal-ion complexes. 


TABLE 3.—COMPARISON OF REPORTED STABILITY CONSTANTS 





Method | Temp. Medium log B | log 82 | log. 63 | log Bg 





(a) ZnCl sYSTEM 


} 


Zn-Hg | ~20 var. 2:2-0-9 FERRELL ef. al.7) 
Zn Hg,Ag| 25 ZnClpvar. 06? | ROBINSON and Stoxes‘®) 
Ag | 25 | 0-5(NaCIO4) <0 | SILLEN and ANDERSSON’? 
Zn—Hg | 25 | 3(NaClO4) 0-19 | SILLEN and Litgegvist{!9) 
ani.ex. | 25 0 corr. 0-5 —1-0 | Marcus and Corye tv!!!) 
| Horne‘!?) 
TAKAHASHI and sasaki‘!9) 
| —0-05; —0-30) - SHCHUKAREV ef al.('4) 
| 0-49) 0-19) Present work 





Zn, sp. | : 0 corr 
Cal a 45 
i. €X 0-691 HClO, 


(b) Zn-Br SYSTEM 


var. 2-3-1-2 FERRELL ef ai.” 
3(NaC1O4) —060 | SILLEN and Liegvist{!® 
0 corr. 0 Horne et al.{'5) 
4:5 —0-60 | SHCHUKAREV ef al.{'4) 


ion. ex. 0-691 HClO, 0-22 - Present work 





Studies of the solvent extraction of tracer zinc from hydrochloric acid solutions 
and from hydrobromic acid solutions will be reported in future papers. 


Acknowledgement —We are grateful to Dr. C. F. Bett for much helpful discussion. 


E. Ferret, J. M. RipGion and H.L. Ritey, J. Chem. Soc. 1121 (1936). 
R. A. RoBINSON and R.H. Stokes, Trans. Faraday Soc. 36, 740 (1940). 
'9) L.G. SILLEN and B. ANDERSSON, Svensk. Kem. Tidskr. 55, 13 (1943). 

’ L.G. SILL—n and B. Livyeqvist, Svensk. Kem. Tidskr. 56, 85 (1944). 

Y. Marcus and C. D. Corye tt, Bull. Res. Council of Israel A 8, 1 (1958). 

R. A. Horne, J. Phys. Chem. 61, 1651 (1957). 

T. TAKAHASHI and K. Sasaki, J. Electrochem. Soc. Japan 24, 221 (1956). 

S. A. SHCHUKAREV, L.S. LiticH and V. A. LatysHeva, Zh. Neorg. Khim. 1, 225 (1956). 
R. A. Horne, R.H. Hotm and M.D. Meyers, J. Phys. Chem. 61, 1661 (1957). 





J. Inorg. Nucl. Chem., 1961, Vol. 18, pp. 199 to 206. Perggomn Press Ltd. Printed in Poland 
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Abstract — From a study of the equilibrium distribution of UO} ion as a function of ligand con- 
centration between resin (Amberlite IR-120, sodium form) and aqueous phases at pH 3 and ionic 
strength 1M in HClO4-NaClOg, solutions, the formulae and formation constants (at 32°C) of the 
complexes formed by U0} ion with the anionic ligands chloride, nitrate, thiocyanate and sul- 
phate have been determined by making use of a simple graphical method. In the case of nitrate 
and thiocyanate ions, species with UO} “+: ligand ratios of 1:1, 1:2 and 1:3 seem to be formed, while 
sulphate appears to form only 1:1 and 1:2 complexes. In the case of chloride ion however, only 
the 1:1 species exists even when (Cl ):(UO3*) - 1000:1. Overall formation constants of 
the various complexes are as follows: 


3,:Cl~,2; NO}, 0-04; SCN~, 0-05; SO2~, 43. 


5 


8,:NO;, 0-04; SCN™, 11:2; SO2~,6 x 10° 
3,,:NO;, 0-32; SCN, 12. 


THE complexes formed by uranyl ion, UO}*, with the anions Cl~, NO;, SCN~ and 
SO2- find extensive applications” in the separation of uranium and its determina- 
tion in ores and minerals. The exact nature of the species present in these systems 
and their stabilities are, however, not yet precisely known and there are conflicting 
data in the literature. The present investigations were undertaken to explore the exact 
nature of these systems by the ion exchange method®”) which has so far provided 
fruitful results in many other analogous systems with different degrees of stability. 

In determining the successive formation constants of the various complexes from 
cation exchange measurements the procedure of ScHuBERT”, as modified by 
FRONAEuS”, has been followed with some simplification, and Lepen’s™ graphical 
method has been used for evaluating the successive formation constants. The method 
is briefly outlined below. 


1) E. B. SANDELL, Colorimetric Determination of Traces of Metals (3rd Ed.), pp. 903, 906, 907 
and 917. Interscience, New York (1959). 

(2) J, ScHuBert, J. Phys. Colloid. Chem. 52, 340 (1948); J. Phys. Chem. 56, 113, (1952). 

(3) §. FRONAEUS, Acta Chem. Scand. 5, 859 (1951). 

‘) J, Leben, Z. Phys. Chem. A 188, 160 (1941). 
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Let A» and 2 be the distribution coefficients of UOZ* ion between the resin and 
solution phases in the absence and presence respectively of a complexing ligand A, 
which forms N different complexes of the type UO,A, UO,A,, UO,A,, etc... UO,A,, 
with UO3~ ion. It can be shown that 


Ap/A = 1 + (UO,A)/(UO3*) + (UO,A;)/(UOZ*) + ... (UO,Ax)/(UO}' ) 
= 1 + 8,(A) + 8A)? + BA) +... BAY (ID) 


where ( ) indicates molar concentration and §, is the overall formation constant of 
the nth complex, UO,A, (charges are omitted throughout for simplicity in the 
general deductions), i.e. 8, = (UO,A,)/(UO3*) (A)". In deducing equation (1) 
it is assumed that the 1esin absorbs only UO3}* ions and not the complexes, even if 
the latter are cationic. This is justifiable because of the lower charge on the cationic 
complex and its low concentration in each of the systems under consideration, as 
will be evident later. Rearranging equation (1) we get 


([Ao/A] — I) /M(A) = X, = 8, + BA) +... 4 (A)! (2) 


X, can be determined experimentally for different values of (A), and by plotting X, 
versus (A) we obtain 3, by extrapolation to (A) = 0. If the various values of 8 be 
such that, in the range of concentrations of the ligand A, used in the experiments, 
terms containing powers of (A) higher than unity may be neglected, then equation (2) 
is reduced to that of a straight line and extrapolation to (A) = 0 is simple even 
if experimental data at extremely low values of (A) are not available. In a similar 
manner 8, may be obtained by plotting the function X, versus (A) and extrapolating 
to (A) = O, where 


X, = (X, — 3,)/(A) = 82 + 83(A) + ... By(AY? (3) 


This process is continued till we get a function X, which is independent of (A), 


where 
Xn = By (4) 


Hence, a plot of X, versus (A) will be a straight line parallel to the (A) axis, indi- 
cating that the highest complex formed in the system is the species UO, Ay. 

If in any of the systems under investigation only one complex is formed, having 
the formula UO,A,, within the range of (A) used in the experiments, or alternati- 
vely if this particular species predominates, then equation (2) is reduced to 


([Ao/A] — 1) = 8, (A)” (5) 
or 1/A = 1/Aq + 8, (A)"/Ap (6) 


If 1/A be plotted against (A)” then a straight line will be obtained only for a particular 
value of n, giving the formula of the species present in solution. The intercept of 
this line on the 1/A axis will give 1/A9. If the 1/A,) value thus obtained agrees closely 
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with that obtained experimentally in the absence of the ligand A, then it proves 
conclusively, as has been shown by FELDMAN et al. that 

(a) only one complex predominates, 

(b) the number of metal atoms present in the complex is the same as that in the 
uncomplexed metal species, and 

(c) the complexes are not significantly adsorbed by the resin under the experi- 


mental conditions. 
In all of the above equations (A) represents the concentration of the free ligand. 


However, when the total ligand concentration 7, is large compared with the tota. 
uranium (VI) present, Tyo} ' we have 


(A)=~ T, (7) 


In the studies of complexing by Cl’, NO; and SCN ions 7, is very muchl 
larger (over 100 times) than 792+ and the complexes formed are also rather weakl 
Hence, in these cases the use of the approximation (7) leads to no error in the evae 
uation of the formation constants. However, in the case of SO?~ ion, where more 
stable complexes are formed, a correction was applied as shown below for th- 
complex-bound SO2~ using the approximate formation constants obtained graphic- 
ally using T59?2- = (SO2-). 

In a solution containing UO; and SO;~ ions, taken as uranyl perchlorate and 


sodium sulphate, we have 


Tyuo3* = (UOZ*)+(UO,SO,) + (UO,[SO,];~) (8) 


since higher complexes have been shown to be absent under the experimental condi- 
tions. Also 


2(UO3*) + (Na*) = 2(SO;-) + (CIO; ) (9) 
(UO}*) + Tso2- = (SO{~) + Tyo? (10) 
and 
Tso2- = (SO{~) + (UO,SO,) + 2(UO0{SO,}~) (11) 
Combining equations (8) and (11), substituting the value for (UO,SO,) and then 
rearranging we get 
Ts92- — 2Tyo2+ + 2(UO}* ) — (SO{~) + 8,(UOZ* (SO{-) = 0 (12) 
Substituting the value of (UO3*) trom equation (10) in equation (12) we get 
B,(SO{-)? + {1 4+- B,Tyo3* — 8:Ts02-}(SOZ-) — Tso2- = 0 (13) 
Relation (13) is the usual form of a quadratic equation which can be solved to obtain 


the value of (SO2~), accepting of course only the real positive value. Accurate 


{5) T. FELDMAN, T. V. ToriBaRA, J. R. HAviLt and W. F. Neuman, J. Amer. Chem. Soc. 77, 878 
(1955). 
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values of the formation constants were then obtained graphically using the true values 
for (SO2~) so determined. 


EXPERIMENTAL 


Reagents and solutions 

A stock solution of uranyl perchlorate was prepared from sodium diuranate (obtained from 
uranyl nitrate solution by adding a slight excess of carbonate-free sodium hydroxide and washing 
the precipitate thoroughly with water to remove free alkali) and perchloric acid, and the uranium 
content of the solution was determined gravimetrically as the oxinate. A solution (5 M) of recrystal- 
lized sodium perchlorate (Laboratory Reagent, B. D. H., England) was prepared; requisite amounts 
were used to maintain constant ionic strength in the solutions. Sodium chloride (G. R., E. Merck, 
Germany), sodium nitrate (G. R., E. Merck, Germany), sodium sulphate (A. R., B. D. H., England) 
and sodium thiocyanate (Reagent Grade, Baker & Adamson, U.S.A.) were used as sources of 
the respective anions. 

Conductivity water was used throughout for making the solutions. 


Resin 

Amberlite IR-120 (H-form 40-60 mesh, analytical grade, Rohm & Haas Co., U.S.A.) was 
converted into the sodium form by repeatedly shaking with fresh batches of concentrated sodium 
acetate solution until a portion of the washed resin, when shaken with a concentrated solution of 
sodium chloride, did not change the pH of the aqueous phase. The resin was then washed thoroughly 
with water, dried in air at room temperature and stored in a stoppered bottle. 


Apparatus 

A mechanical shaker inside a constant-temperature thermostatic bath was used for equilibration 
of solutions with the resin. Spectrophotometric measurements were made in a Hilger UVISPEK 
spectrophotometer using cells of the desired thickness (5, 10 or 20 mm). 


Procedure 

Determination of do. Fifty millilitres of solutions containing 10-06 mg uranium(V]I) as perchlorate 
and sufficient sodium perchlorate to maintain ionic strength at 1 M were prepared at different 
pH values (adjusted with perchloric acid). Forty millilitres of each of these solutions was shaken 
with | g of the resin for 24 hr at 32 + 0-05°C, during which equilibrium was attained; no further 
change occurred on longer shaking. The uranium content of the equilibrated solution was deter- 
mined spectrophotometrically by the alkali-peroxide method,'® making use of a calibration curve 
prepared with known amounts of the standard uranium solution (Joc. cit.). The distribution coef- 
ifcient, Ap, was calculated from the relation 


Xo = (moles of uranium per 1000 g resin)/(moles of uranium per 1000 ml solution) (14) 
The results are shown in Table 1. 


TABLE 1.— DETERMINATION OF 29: EFFECT OF pH 





Uranium(VI), 9:3 « 10-4M; =u, IM(NaClO4); Temp. 32°C 
0°94 1°35 1°94 ! 2°54 2°72 2°94 sa Fae 2 
- 15-53 17:52 21°37 26: 27:11 27:24 27-11 27:24 27:24 27:24 








Aolav.) a= 272 





‘68) C. J. RODDEN (Editor), Analytical Chemistry of the Manhattan Project p. 83 et seq. McGraw-Hill, 
New York (1950); H. J. SHim, R. J. Morris and D. W. Frew, Analyt. Chem. 29, 443 (1957). 
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From the results of Table | it appears that Ag is independent of pH over the range 2:5—3-5, where 
uranium(VI) exists essentially as U03" ion. At pH 4, however, a faint turbidity appeared in the 
solution. All subsequent measurements were therefore carried out at pH 2-95 + 0-05 for studies 
on complexing by chloride, nitrate and thiocyanate ions, while in the case of sulphate ion a pH 
of 3-05 + 0-05 was chosen, so that all the sulphate ion in solution was present as SOz”. 


("SO3)?x10* 


8 10 





n=2) 


CL™ and SCN~ 


3» 


1;NO 


n 


4, 


(1A) x10" (SO 








10 20 30 40 50 60 70 80 


[A)"x10% A=NO3, n=3, A=CL> n=l; A= SCN, n=2 
Fic. 1. 


Determination of the formulae and formation constants of the various complexes. Solutions (40 ml) 
containing 8-05 mg uranium (V}) as perchlorate and different quantities of the ligand as the sodium 
salt, and sufficient sodium perchlorate were equilibrated with 1 g of the resin exactly as in the de- 
termination of 49. The value of the distribution coefficient, 4, for each concentration of the ligand 
was then calculated as before. Then, the formulae of the principal complexes present in the various 
systems were obtained by making use of the relationship expressed in equation (6) (cf. Fig. 1). 


These are recorded in Table 2. 


TABLE 2.— FORMULAE OF THE PRINCIPAL COMPLEXES OF 


24 , 
UO,” 10N WITH ANIONS: UO,A,, 





Ag (extrapolated) 





27-03 
27:39 


| 
| 
ea 
NO; } ‘ 

SCN | 27-39 


eres Sea 


SO;” 27-03 


| 





{7 J. Katz and G. T. SeasorG, The Chemistry of the Actinide Elements p. 177. John Wiley, 
New York (1957); L. Poxras, J. Chem. Educ. 33, 229 (1956); J. A. HEARNE and A. G. WuiTE, 
J. Chem. Soc. 2168 (1957). 
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The egreement between the extrapolated value of Ag with that determined experimentally (cf. 
Table 1) is very good. Since under the experimental conditions free uranium (VI) exists in solution 
as uo} * ion it was inferred, following FELDMAN ef al.©), that the complexes have the formula 
UO,A, where A is the anionic ligand, and that the adsorption of the complexes by the resin is 
negligible under the experimental conditions. 


(SOZ) 103 


40 





3) 





X,(for NO 














30 a0 50 60 70 
[A] «107(A=NO3, CL~,SCN7) 


Fic. 2. 
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D) 1107(A=NOT,SCN7) 


Fic. 3. 


By graphically plotting the various X,, functions versus (A) (Figs. 2-4) the various 8 values 
were obtained; the results are summarized in Table 3. The approximate value of 8, (40 |. mole!) 
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for complexing by SO; ~ ion was evaluated graphically and this permitted the determination of the 
free sulphate ion concentration necessary for an accurate evaluation of 3; and 8 for the sulphate 


complexes (cf. Figs. 2 and 3). 




















30 40 sO o 


(A) x10°(A=NOZ, SCN7) 
Fic. 4. 


TABLF 3. -FORMATION CONSTANTS OF URANYL COMPLE XFS 
AT 32°C (4 1M) 





- ’ - J — r r 
Ligand 3, (I. mole 45 (1.2 mole~?) 3; (1.3 mole ~4) 43 (1.4 mole ~4) 





Cl ' 0 
NO; | ; 0-04 
SCN 05 11-20 
SO; 3- 60 103 











By equilibrating sodium chloride and sodium nitrate solutions alone with the resin under ex- 
perimental conditions comparable to those described above it was found that there was virtually 
no change in the concentration of the anions in solution. Chloride was determined by potentio- 
metric titration with silver nitrate solution, and nitrate as ammonia by distillation in alkaline me- 
dium with Devarda’s alloy. It was shown in this way that change in concentration of the solution 
due to swelling of the resin during equilibration was negligible under the experimental conditions. 


DISCUSSION 


From the results obtained it appears that the distribution coefficient, 4), of ura- 
nium (V1) is independent of hydrogen ion concentration over the pH range 2:5-3-5. 
From the hydrolysis constant reported'’) for the uranyl ion it appears that in ura- 
nium(VI) solutions below pH 3 the concentrations of the hydrolysed species are in- 
significant, while detectable amounts of these are to be found above this limit. Since 
Ag is constant over the entire pH range 2-5—3-5 it appears that under the experimental 
conditions the UO}* ion persists without any appreciable change up to pH 3:5. 
Above this pH hydrolysis is perceptible and is extensive at pH 4, as is indicated by 
the appearance of turbidity in the solution. 
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Of the four anions studied sulphate forms the strongest anionic complex, of 
formula UOJ{SO,3~; although no higher complex appears to be formed the 
existence of UO,SO, is also indicated. Although the results obtained indicate a much 
greater stability for the anionic complex these are in qualitative agreement with those 
of Day and Powers"). It may be pointed out, however, that BeTTs and MICHELS") 
and also ARDEN and Woop"), reported that in uranyt sulphate solutions the 
predominant species is UO,SO,, while AHRLAND"!!) claimed the existence of all 
three species UO,SO,, UO{SO,}3~ and UO,JSO,]}-. 

Existing literature data on uranyl chloride complexes are conflicting. Anion ex- 
change studies'!2) indicate the existence of anionic complexes at rather high con- 
centrations of chloride ion, while several other investigations®'* indicate the ex- 
istence of a species UO,CI~, and its formation constant has been variously reported 
by different workers® '*'*. In the present investigation it has been found that up 
to a (Cl~): (UO3*) ratio of 1000 the only species present in solution is UO,CI* 
and evidence for any higher species is entirely lacking. 

With nitrate ion it has been found that UO3* forms all three species UO,NO;, 
UO,(NO,), and UO,(NO,);. Although most of the earlier workers®? '*) only re- 
ported the existance of UO,NO; in solution, evidence for the existence of the 
anionic species UO,(NO,); is not lacking'!5’. Recent solvent extraction and spectro- 
photometric investigations by KAPLAN ef a/."© and anion exchange studies by 
KORKISCH ef al.‘17) definitely show the existence of anionic species in solutions 
containing UO3* and NO; ions. 

With thiocyanate also, all three species UO,SCN~, UO,(SCN), and UO,(SCN), 
appear to be formed, in agreement with earlier observations by AHRLAND"!8), How- 
ever, a significant difference has been observed in the relative stabilities of the three 
species. 

Finally it may be pointed out that the low values of 8, and 8, obtained for the 
nitrato complexes and §, for the thiocyanato complex are probably more apparent 
than real, because of the change in activity coefficients with change in the nature 
of the medium at constant ionic strength. However, these low values indicate the 
very low order of stability of the species concerned. 


. Day Jr. and R. M. Powers, J. Amer. Chem. Soc. 76, 3895 (1954). 

. Berrs and K. MICHELS, J. Chem. Soc. 286 (1949). 
i 4 ARDEN and G. A. Woop, J. Chem. Soc. 1596 (1956). 
S. piss Acta Chem. Scand. 5, 1151 (1951). 
K. A. Kraus, F. Netson and G. E. Moore, J. Amer. Chem. Soc. 77, 3972 (1955); 78, 2692 
(1956); E. Tomic, I. M. LaDENBAUER and M. Po.tak, Z. Anal. Chem. 161, 28 (1958); 
J. Korkiscu, A. FaraG and F. Hecut, Jbid. 161, 92 (1958). 
S. AHRLAND, Acta Chem. Scand. 5, 1271 (1951). 
F. 
E. 
& 
Z. 
S. 


R. 
RI 


NELSON and K. A. Kraus, J. Amer. Chem. Soc. 73, 2157 (1951). 

GLuEcKAUF and H. A. C. McKay, Nature, Lond. 165, 594 (1950) 

KAPLAN, R. A. HILDEBRANDT and A. MILon, J. Inorg. Nucl. Chem. 2, 153 (1956). 
KorRKISCH, M. R. ZAky and F. Hecut, Mikrochim. Acta 485 (1957). 

AHRLAND, Acta Chem. Scand. 3, 1067 (1949). 
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ELECTROCHEMICAL STUDIES OF PLUTONIUM IONS 
IN PERCHLORIC ACID SOLUTION* 


DONALD COHEN 
Argonne National Laboratory, Lemont, Illinois 


(Received 12 February 1960; in revised form 4 April 1960) 


Abstract—A potentiostat was used to obtain current-voltage curves for the oxidation—reduction 
reactions of plutonium ions and to prepare the four valence states of plutonium in perchloric acid 


solutions. 


AN INVESTIGATION was undertaken to study the electrochemical preparation of the 
four oxidation states of plutonium in perchloric acid solutions. This electrolytic 
technique yields pure solutions of a given oxidation state and is specially useful 
for preparing relatively concentrated (0-02M) solutions of Pu(V). 

In conjunction with this study, absorption spectra of the plutonium ions were 
measured; these will be presented in a subsequent paper. 

Electrochemical techniques have been used for preparing some of the oxidation 


states of plutonium in solution.’ *’ However, no systematic study has been made. 
In this investigation a potentiostat was used to obtain current-voltage curves for 
the oxidation-reduction reactions of plutonium ions and to prepare the four valence 
states of plutonium ions in perchloric acid solutions. 


EXPERIMENTAL 


The potentiostat was similar to one described by WEHNER and HINDMAN"). The electrolyses 
were carried out in a three-compartment cell; the compartments were separated by fine sintered 
glass disks. Platinum (51 mil) spirals of 20 cm? in area were fixed in two adjoining compartments 
while the third compartment was used to contain one leg of the acid bridge that connected the cell 
to the reference electrode. The electrolyses were carried out in the centre compartment. The anode 


*Based on work performed under the auspices of the U.S. Atomic Energy Commission. 

4) J.C. HINDMAN, The Transuranium Elements (Edited by G.T. SeaBorGc, J.J. Katz and 
W.M. MANNING) NNES, Div. IV, Vol. 14B, p. 370 McGraw-Hill, New York (1949). 

) K.A. Kraus and J.R. Dam, The Transuranium Elements (Edited by G. T. SEABORG, 
J.J. Katz and W. M. MANNING) NNES, Div. IV, Vol. 14B, p. 46 McGraw-Hill, New York 
(1949). 

‘> K.A. Kraus and J.R. Dam, The Transuranium Elements (Edited by G.T. SEABORG, 
J.J. Katz and W. M. MANNING) NNES, DIV. IV, Vol. 14B, p. 528 McGraw-Hill, New York 
(1949). 

‘) A.B. Dreepen, A. E. C. D. 3887 (1953). 

‘) R. Ko, Analyt. Chem. 28, 274 (1956). 

‘o) P. WeEHNER and J.C. HINDMAN, J. Amer. Soc. 72, 3911 (1950). 
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and cathode solutions were stirred by bubbling with prepurified nitrogen. Unless otherwise stated 
the electrolyses were carried out at 25+2°C in 1 M HC1I0O4. 

The 239Pu concentrations were determined radiometrically with an accuracy of +1 per cent 
(standard deviation). The two reference electrodes used were the Hg’, Hg} "1M HCIO,, and the 
Pt, Ce3+, Ce#+, 1 M HCO, electrodes having the potentials —0-80 and —1-70 V resepctively. 
The potentials based on these electrodes are only accurate to within +0-05 V. 

The following procedure was used to obtain a typical current—voltage curve. Five ml of the 
plutonium solution in 1 M HCIO,4 were added to the centre compartment of the cell. The two end 
compartments were filled to the same level with molar perchloric acid. A reference electrode was 
connected to the cell with a molar perchloric acid bridge. In the case of oxidation the potential of 
the anode was increased in a step-wise fashion with the resulting current being measured for each 
potential value. After the current—voltage curve was obtained the potential was lowered and the 
electrolysis was carried out to completion at a suitable potential. 

All spectral measurements were made using a Cary Recording Spectrophotmeter Model 14. 


RESULTS AND DISCUSSION 


This technique of obtaining a current-voltage curve does not lend itself to a 
high degree of precision. The actual value of the current is dependent upon the time 
from when the potential had been applied to when the current is read and also upon 
the rate of stirring (bubbling). However, in repeated experiments the values for the 
current were reproducible to within 10-15 per cent. 

Fig. 1 shows the current-voltage curves for plutonium electrolyses in 1 M HClO, 
at a platinum anode or cathode. The formal potentials of the plutonium couples are 
shown at the top of the figure. Both the Pu(III)-Pu([V) and the Pu(V)-Pu(VI) 
current-voltage curves exhibit the typical “S” shaped curve of a diffusion controlled 
process while the Pu([V)-Pu(V) curves do not show a diffusion current. This of 
course supports the evidence that the Pu(III)-Pu(I[V) and the Pu(V)-Pu(VI) couples 
are reversible while the Pu({V)-Pu(V) couple is irreversible at a platinum 
electrode. 

The purity of each valence state was established by absorption spectra. Thus 
the absolute purity depends upon the discriminating ability of this spectral technique. 
This discrimination is divided between the spectrophotometer and the ability of the 
researcher to decide what optical density is significant in determining the presence 
or absence of a peak. Table | gives the molar extinction coefficients of a major 
peak for each of the valence states and also the molar extinction coefficients of that 
wavelenghth for the other three ions. The data in Table | are taken from unpublished 
work of this author. The purity of the Pu(V) solutions is estimated to be 97 + 3 per 
cent, while the other three states are each better than 99 per cent. It should be noted 
that the Pu(V) peak at 11,300 A has not been previously reported. 

During electrolysis any observable current will indicate a chemical reaction. 
If neither oxygen nor hydrogen is being liberated then the observed current will 
indicate that plutonium ions are being reduced or oxidized. When the current goes 
to zero and remains at zero even when the applied voltage is increased somewhat 
(~0-1 V), then the reaction has been completed. In the case of a reversible reaction 
at 25°C and with a single electron change, a potential difference of 0-12 V from the 
formal potential should result in a reaction of 99 per cent completion. In the case 
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Fic. 1.—Current-voltage curves for plutonium ions in 1 M HCIO4**7). 
t = 25° 
Reaction Pu concentration(M) 
6>5 0-016 
5>6 0-016 
5 >4 0-016 
4>5 0-025 
3+ 4 0-025 
4-03 0-025 


TABLE 1.—MAJOR PEAKS OF PLUTONIUM IONS IN HCIO,* 





Wavelength Molar extinction coefficients 





Pu(II1) Pu(IV) 
cnenen Epa 
2 2 1 
55 
11,300 13 22 
8303 16 5 


Pu(V) Pu(VI) 











* Pu(V), 10 C in 0-2 M HCIO,; All other ions, 25 C in | M HCIO,4. 


of an irreversible reaction then the overvoltage of the reaction must be taken into 
account. 

Starting with plutonium in any state, reduction at a platinum cathode will yield 
a solution of Pu(III). The Pu(IV) reduction proceeds rapidly to completion. As can 
be seen from Fig. 1, a potential of about —0-6 V or anything more positive will 
produce a Pu(III) solution. However if the starting plutonium is in the hexavalent 
state the reduction is quite slow due to the very large overvoltage of the Pu(V)- 


‘) Formal potentials of plutonium couples are taken from S. W. RaBiDEAu, J. Amer. Chem. Soc. 
78, 2705 (1956). 
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Pu(IV) reduction. In this case the cathode should be set at —0-1- —0-2 V; a Pu(III) 
solution can still be prepared without hydrogen evolution. Then when the current 
goes to zero the reduction is complete. 

Pu(IV) can only be prepared by the oxidation of Pu(III). The overvoltage for 
the reduction of the oxygenated ion PuO,* is so great that Pu(III) is formed during 
this reduction. The oxidation of Pu(III) to Pu(IV) proceeds smoothly and rapidly at 
a potential of —1-3- —1-4 V and yet at this potential Pu(IV) cannot be oxidized. 

Similarly Pu(V) solutions can only be prepared by reduction of Pu(VI). The 
oxidation of Pu(IV) at a platinum anode yields Pu(VI) due to the high overvoltage 
for this reaction. The Pu(VI) reduction must be done with care. As can be seen from 
the curves in Fig. 1 Pu(V) will be reduced to Pu(III) if the potential of the cathode 
is too positive. At a potential of about —0-9 V. the reduction will usually produce 
a pure solution of Pu(V). The stability of Pu(V)‘® to disproportionation is increased 
at lower acidities and lower temperatures. Thus the Pu(V) solutions which were 
prepared for spectral work were made in 0:2 M HCI1QO, at 10°C. A 0-02 M Pu(V) 
solution has a reddish purple colour as predicted.‘9 

The final product at a platinum anode during electrolytic oxidation is Pu(VI). 
Due to the instability of Pu(V) it is usually Pu(III) or Pu(IV) or a mixture of these 
two ions that is being oxidized. This oxidation is especially difficult. An anode 
potential of about —1-95 V for 3 hr is necessary. A pure Pu(VI) solution cannot 
be made without oxygen evolution. The overvoltage of the Pu(IV)-Pu(V) reaction 
is especially high. This is in contrast with the similar case of neptunium; Np(VI) 
can be easily prepared by electrolytic oxidation"!® without producing oxygen. How- 
ever in the neptunium case Np(V) is stable. 


‘8) L. H. GEVANTMAN and K. A. Kraus, The Transuranium Elements (Edited by G. T. SEABORG, 
J.J. Katz and W. M. MANNING) NNES, Div. IV, Vol. 14B, p. 500. McGraw-Hill, New York (1949). 
‘9) J.J. Katz and G. T. SzasorG, The Chemistry of the Actinide Elements p. 417. John Wiley, New 


York (1957). 
"°) TD. CoHEN and J.C. HINDMAN, J. Amer. Chem. Soc. 74, 4679 (1952). 
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THE ABSORPTION SPECTRA OF PLUTONIUM 
IONS IN PERCHLORIC ACID SOLUTIONS* 


DONALD COHEN 
Argonne National Laboratory, Argonne, Illinois 


(Received 28 April 1960) 


Abstract — The absorption spectra of the four ions of plutonium have been measured in the region 
between 2000 and 12,500 A in perchloric acid solutions. 


THE absorption spectra of plutonium ions are of special interest for both theoretical 
and analytical considerations. At the 133rd Meeting of the American Chemical 
Society in San Francisco, April 1958, the definitive paper on plutonium chemistry 
stated the fact that the complete absorption spectra of plutonium ions have not 
been published. This paper is written to partially remedy this situation. The absorp- 
tion spectra of the four ions of plutonium in perchloric acid solutions have been 
measured in the region between 2000 A and 12,500 A. 


(1) 


EXPERIMENTAL 

All spectral measurements were made with a Cary Recording Spectrophotometer Model 14. 
The 239Pu sample was isotopically pure and its specific activity was taken to be 7-08 x 10* cpm/ug. 
The plutonium solutions were analysed radiometrically with a statistical accuracy of 1 per cent. 
The hydrogen ion concentrations were determined by microtitration with standard base. The per- 
chloric acid solutions were prepared by diluting G. F. SmirH double vacuum distilled 72 per cent 
perchloric acid with triple distilled water. 

The plutonium ions were prepared in the various oxidation states by electrolytic oxidation or 
reduction. These techniques have been discussed in another paper.) The preparation of the pluto- 
nium ions in the (III), (IV) and (VI) states in 1 M HClO, was carried out at room temperature 
and the spectra measured at 25+-0-2°C. Because of the instability of Pu (V), this ion was prepared 
in 0-25 M HC1!Q,4 at 10° and the spectrum was measured at 10°C. 


RESULTS AND DISCUSSION 


In this study no attempt was made to check the Beer-Lambert law for any of 
the plutonium peaks. It was felt that anyone using the molar extinction coefficients 
for accurate analytical information should himself run a calibration curve, optical 
density vs. concentration, with his spectrophotometer and with his particular solution 
composition. 

The accuracy of the molar extinction coefficients is dependent upon the radio- 
chemical analysis, the purity of the valence state and the spectrophotometer. The 


* Based on work performed under the auspices of the U.S. Atomic Energy Commission. 


1) J.C. HinpMaAN, J. Chem. Educ. 36, 22 (1959). 
©) D. CouEN. J. Inorg. Nucl. Chem. 18, 207 (1961). 
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error in the radiochemical analysis is 2 per cent. The error of the spectrophotometer 
is dependent upon the optical density. An error of 0-002 absorbance unit is negli- 
gible when the optical density is above 0-5, but this error could be considerable 
when low optical densities are involved. Fortunately, for most of the peaks in this 
study this error is not too serious. The purity of the valence state depended upon 
the particular state in question; the Pu(V) solutions were 97 + 3 per cent while the 
other three states were better than 99 per cent. 





— 
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Fic. 1.—Ultra-violet spectrum of Pu(III) in 1 M HCO, at 25°C. 


It should be stated that the accuracy in the ultra-violet region especially near 
2000 A could be much less than in other regions of the spectrum. The larger ab- 
sorption in this region necessitates dilute and very dilute solutions and thus even 
small traces of impurities result in additional errors. 

No attempt will be made to review all existing studies in this fleld. However, 
reference will be made to some published work to give a basis for comparison. 

The Pu(III) spectra are given in Figs. 1-3. The only other report on the ultra- 
violet spectrum of Pu(III) is the work by STEWART and here there is essentially no 
agreement. STEWART also worked in 1 M HCIO,. The large peak at 2090 A has 
not been previously reported. However, the general features of the visible and 
infra-red spectra are quite similar to other studies. The Pu(III) peaks as measured 
in this study are in general lower than the peaks reported by Myers and higher 
than the peaks reported by Betts and Harvey™ and STewarT®. Myers worked 
in 2 M HNO, and Betts and Harvey” worked in 2 M HCIO,. 


‘) D.C. Stewart, ANL-4812 (1952). 
« N.H. Myers, HW-44744 (1956). 
‘) R.H. Berts and B. G. Harvey, CRC-390 (1948). 
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Fic. 3.—Infra-red spectrum of Pu(IIl) in 1 M HCIO4 at 25°C. 
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Fic. 4.—Ultra-violet spectrum of Pu(IV) in 1 M HCIOg at 25°C. 
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Fic. 5.—Visible spectrum of Pu(IV) in 1 M HCIOg4 at 25°C. 
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Fic. 6.—Infra-red spectrum of Pu(IV) in 1 M HC1IO,4 at 25°C. 


The spectra of Pu(IV) are shown in Figs. 4-6. There is no previous work reported 
on the ultra-violet spectrum of Pu(IV). The peaks at 3675 and 3917 A have not 
been previously reported. The visible and infra-red spectra are in general agreement 


with other studies® ©” but there are considerable differences in the molar extinction 
coefficients. 


‘6) G.R. Hatt, P. D. HeRNIMAN and A. J. WALTER, AERE C/R 712 (1957). 
(7) J.C. HINDMAN, The Transuranium Elements (Edited by G. T. SeasorG, J.J. Katz and W. M. 
MANNING) NNES, Div. 14, Vol. 14 B, Paper 4.4. McGraw-Hill, New York (1949). 
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-Ultra-violet spectrum of Pu(V) in 0-2 M HCIQO, at 10°C. 
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Fic. 8.—Visible spectrum of Pu(V) in 0-2 M HCIQO, at 10°C. 
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Fic. 9.—Infra-red spectrum of Pu(V) in 0-2 M HCIO,4 at 10°C. 
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Fic. 10.—Ultra-violet spectrum of Pu(VI) in 1 M HCIQOg at 25°C. 





The Pu(V) spectrum was first measured by CONNICK ef al They reduced Pu(V1) 
in 0-5 M HCI with hydroxylamine hydrochloride and obtained a solution of Pu(V) 


(8) R. E. Connick, M. KasHa, W. H. McVey and G.E. SHeuine, The Transuranium Elements 
(Edited by G. T. Seasora, J. J. Katz and W. M. MANNING) NNES, Div. 14, Vol. 14 B, Paper 
4.20. McGraw-Hill, New York (1949). 
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Fic. 11.—Visible spectrum of Pu(VI) in 1 M HCIO, at 25°C. 
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Fic. 12.—Infra-red spectrum of Pu(VI) in 1 M HC1IO4 at 25°C. 


containing significant amounts of Pu(III) and Pu(VI). Their spectrum was measured 
from 3500 to 11,000 A and was corrected for the other plutonium species present. 
Recently MARKIN and McKay™ have reported on the spectrum of Pu(V) in 0-2 M 
HNO between 4000 and 9800 A .They prepared the Pu(V) solution by the reaction 
of Pu(III) with Pu(VI) and then solvent extracting away the Pu(IV) from the Pu(V). 

The results of the present work on the spectra of Pu(V) in 0-2 M HCIO, at 10°C 
are given in Figs. 7-9. The peaks at 2750 A in the ultra-violet and 11,300 and 12,280 A 


‘9) T. L. MARKIN and H. A. McKay, J. Inorg. Nucl. Chem. 7, 298 (1958). 
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in the infra-red have not been previously reported. The other peaks, with few ex- 
ceptions, are higher than those reported in the two previous studies. 

Figs. 10-12 show the spectra of Pu(VI) in | M HCIO,. Again, the ultra-violet 
spectrum has not been previously reported. The visible and infra-red spectra are 
similar to other studies*~” with the exception of the 8303 A peak. NEWTON and 
BAKER” using a Cary Model 14 spectrophotometer, have done an excellent study 
on the 8303 peak of Pu(VI). They measured the molar extinction coefficient for 
this peak to be 555. This present study confirms this value with « = 550. 


T. W. NewrTon and F. B. Baker, J. Phys. Chem. 61, 934 (1957). 
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KINETICS OF AQUATION OF 
TRANS-DICHLOROBIS(ETH YLENEDIAMINE)CHRO- 
MIUM(III) CATION* 


D. J. MACDONALD and C. S. GARNER 


Department of Chemistry, University of California, Los Angeles 24, California 


(Received 18 March 1960; in revised form 11 May 1960) 


Abstract—The pseudo first-order rate constant for the production of ionic chloride by aquation 
of trans-dichlorobis(ethylenediamine)chromium(III) cation in 0-1 F HNO; at 25-0°C was found 
to be (2:25+0-03) x 10-° sec—!. The rate is independent of initial concentration of the complex 
over the range 1-6—-11-3 mF, of pH from 0-14 to 2-9, and of ionic strength from 0-016 to 1:0. Added 
sulphate ion accelerates the aquation, as does light. The Arrhenius activation energy is 23-23+0-17 
kcal/mole over the temperature range 15-—35°C, slightly less than for the trans-cobalt(II]) analogue 
as predicted by crystal-field theory. 


As a contribution to the study of substitution reactions in inorganic octahedral 
co-ordination compounds, we have determined under a variety of conditions, the 
pseudo first-order rate constant and activation energy for the production of ionic 
(i. €. unco-ordinated) chloride by the first-stage aquation of trans-dichlorobis (ethyl- 
enediamine)chromium(III) cation in aqueous solution according to the reaction 


k > 
trans-[Cr(en),Cl,]’ + H,O0—— [Cr(en),(H,O)Cl]' “+ Cl. (1) 


Investigations of reactions of this type have been reviewed by Baso.o'” and by 
BASOLO and PEARSON”). Most of the previous work in this field has dealt with 
cobalt(III) complexes. Studies of other transition-metal complexes are of interest 
for comparison purposes and for correlation with crystal-field theory. SELBIN and 
BAILAR” made a detailed study of the kinetics of aquation of cis-dichlorobis (ethyl- 
enediamine) chromium(III) cation. Some time after the present investigation was 
begun, PEARSON ef al.“ published a rate constant for aquation of trans-dichlorobis- 
(ethylenediamine) chromium(III) cation in 0-1 F HNO; at 25°C, but they did not 
make a detailed or precise study of the system, nor determine the activation energy. 


* Based upon a portion of the doctoral dissertation of D.J. MACDONALD, University of 
California, Los Angeles (January 1960). 
{) F, BasoLto, Chem. Rev. 52, 459 (1953); Rec. Chem. Progr. 18, 1 (1957). 
*) F, BAsoLco and R. G. PEARSON, Mechanisms of Inorganic Reactions. J. Wiley, New York (1958). 
‘3) J. SELBIN and J.C. BAILAR, JR., J. Amer. Chem. Soc. 79, 4285 (1957). 
‘) R. G. PEARSON, R. A. MUNSON and F. BasoLo, J. Amer. Chem. Soc. 80, 504 (1958). 
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EXPERIMENTAL 


Preparation of trans-dichlorobis(ethylenediamine)chromium(Ill) nitrate. Trans-dithiocyanatobis- 
(ethylenediamine)chromium(II1) thiocyanate was prepared according to the method of ROLLIN- 
SON and Baitar®?, using “Baker Analysed” chromium(III) sulphate 18-hydrate, Eastman Kodak 
“White Label” ethylenediamine, and “Baker Analysed” reagent-grade ammonium thiocyanate. 
This dithiocyanato complex was chlorinated according to the method of Preirrer®) to produce 
trans-dichlorobis(ethylenediamine)chromium(III) chloride hydrochloride 2-hydrate, which was 
recrystallized twice from hydrochloric acid solution, then dried at 100°C for 24 hr to remove water 
and HCI of crystallization. That product was recrystallized twice from nitric acid solution, yielding 
the nitrate salt with a purity of about 98 per cent. (Found: Cr, 16-70; Cl, 23-11; C, 15-70, N, 22-16; 
Cale. for [Cr(en)zCly]NO3:Cr, 17-04; Cl, 23-24; C, 15-75; N, 22-95 per cent). Chromium determi- 
nation was done by oxidation of Cr(II1) to Cr(VI) with hot concentrated perchloric acid according 
to the method of LYNN and Mason”), followed by titration of the Cr(VI) with standardized iron(II) 
solution using barium diphenylamine sulphonate as indicator. Chloride was analysed by heating 
the complex with excess | F NaOH solution for about 30 min, then reacidifying with nitric acid 
and titrating with standard silver nitrate solution. Carbon and nitrogen analyses were performed 
by Miss H. KinG, Departmental Microanalyst, using the usual Dumas and CO) absorption meth- 
ods. The visible absorption spectrum of the complex in solution was essentially identical to 
that reported by LinHARD and WeiceL®) for trans-dichlorobis(ethylenediamine)chromium(IID 
cation under the same conditions. 

Preparation of reaction solvents. In various kinetic runs, the following solvents were used (all 
pH values measured at 25°C): (1) 1-00 F nitric acid, pH 0-141; (2) 0-100 F nitric acid, pH 1-10; 
(3) 0:0100 F nitric acid, pH 2-04, ionic strength 0-0100; (4) 0-0100 F in nitric acid, 00900 F in 
lithium nitrate, pH 2-04, ionic strength 0-10; (5) 0-0189 F in nitric acid, 0-040 F in potassium acid 
phthalate, 0-060 F in lithium nitrate, pH 2:90, ionic strength 0-12; (6) 20 mfwts of lithium carbon- 
ate, 60 mfwts of lithium nitrate and 262 mfwts of acetic acid mixed, boiled to expel CO, and 
diluted to 1000 ml, pH 3-96, ionic strength 0:10; (7) 22 mF in acetic acid, 40 mF in sodium acetate 
and 60 mF in lithium nitrate, pH 4-90, ionic strength 0-10; (8) 0-183 F in sulphuric acid and 0-273 
F in sodium hydroxide, pH 1:54; (9) 0-392 F in sulphuric acid and 0-56 F in sodium hydroxide, 
pH 1-64. 

Kinetic measurements. Each run was begun by shaking for about 30 sec a portion of trans-dichloro- 
bis(ethylenediamine)chromium(III) nitrate (usually 50-100 mg) with 50-100 ml of the appropriate 
reaction solvent, and filtering the solution (to remove a small amount of undissolved complex) into 
a thin-walled, light-tight Pyrex reaction vessel immersed in a well-stirred temperature-controlled 
bath. The empty reaction vessel and the reaction solvent had been brought to bath temperature 
before the complex was dissolved. The temperature of the reaction mixture was known with an 
accuracy of +0-03°C, except in several early runs where the uncertainty was as large as +0-2°C. 
The time required for thermal equilibration of the reaction mixture to within 0-05°C of the bath 
temperature was estimated to be about 10 min, whereas most of the kinetic runs covered about 
2 hr of reaction time. 

Aliquots of the reaction mixture, taken at known time intervals, were titrated with 0-001013 F 
silver nitrate to a potentiometric endpoint in an acidified acetone solution of a non-ionic deter- 
gent (as suggested by SHINER and SmitH")) at about 5°C, using silver—saturated calomel electrodes, 
with a Beckman Model G pH meter as potentiometer. The saturated calomel electrode was connec- 
ted to the titration mixture through a salt-bridge of potassium nitrate in chloride-free agar-agar. 


‘8) C. L. ROLLINSON and J. C. BatLar, Jr., Inorganic Syntheses (Edited by W. C. Fernetius) Vol. 2. 
McGraw-Hill, New York (1946). 

‘) P. Preirrer, Ber. Disch. Chem. Ges. 37, 4255 (1904). 

'7) S. LYNN and D. Mason, Analyt. Chem. 24, 1855 (1952). 

‘8) M. LInHARD and M. WeiGeL, Z. Physik. Chem., Neue Folge 5, 20 (1955). 

‘9) V. J. SHiner, Jr. and M.L. Smrru, Analyt. Chem. 28, 1043 (1956). 
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Even in the cold acetone titration solvent, the aquation reaction continued slowly to produce 
more ionic chloride. The titration of each reaction-mixture aliquot was made reproducible with 
regard to time in the titration solvent, exactly 3 min being allowed to elapse between introduction 
of the aliquot into the preassembled ice-cold titration solvent and the attainment of the final endpoint 
potential (260 mV). The concentration of total chloride in the reaction mixture was determined 
by heating an aliquot with excess 1 F NaOH for about 30 min at 90°C, then reacidifying and titrat- 
ing with standard silver nitrate solution. 


RESULTS 


The rate data were plotted in the form log,[a/(a — x)] vs. time, where a is half 
the total chloride formal concentration, and x is the molar concentration of ionic 
chloride at time ¢. In that form, the data for a given run approximated (in most 
cases) a straight line up to about 20 per cent of reaction (see Fig. 1). Beyond 





} 
t 


° 
@ 


- 
ba] 
' 
g 
-_ 
& 

© 
o 
= 


° 
C) 


° 
rs 


° 
nN 








4 


8 10 12 14 6 
Time (hours) 





° 
ory 


Fic. 1.—Data from a typical kinetic run (cf. Table 1, next to last line). 


that point, the contribution of ionic chloride from aquation of chloroaquobis- 
(ethylenediamine)chromium(III) species caused the data points to deviate noticeably 
from a straight line. When the data are cast in this form, the 3 min period which 
each aliquot spends in the titration mixture has the effect of shifting the time scale, 
but has no effect on the initial slope of the graph. This initial slope corresponds to 
the first-order rate constant k for reaction (1), and was calculated together with 
its standard deviation by a least-squares procedure. The results are given in Tables 
1-6. 

Rate plots for reaction at pH 3, 4 and 5 are shown in Fig. 2. In the pH 3 run, 
the rate plot seems essentially linear up to ca. 10 per cent of reaction; in the pH 
4 run, there is evidence of some curvature of the rate plot even at the beginning 
of the reaction; at pH 5 the curvature is more pronounced. 
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TABLE 1.—EFFECT OF COMPLEX CONCENTRATION ON THE RATE CONSTANT &° 





Initial complex 
concentration (mF) 


105k (sec~ ') 





NNN WN WN 





* Conditions: 25-0°C, no light, pH 1-10, ionic strength 0.10—0.11 
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pH 396 
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Time (hours) 





Fic. 2.—Aquation rates at pH 3, 4 and 5 (cf. Table 2). 


TABLE 2.—EFFECT OF PH ON THE RATE CONSTANT k* 





pH 105k (sec 


21 + 0:03 


-141t 
‘10 
-90 
96 
-90 + 


nN 
~) 


-wnNeN — © 
&NNNN N 





* Conditions; 25-0°C, no light. ionic strength 0-10—0.13, initial complex conc. 3-8 mF. 
+ Ionic strength was 1-00 in this experiment. 


TABLE 3.—EFFECT OF IONIC STRENGTH ON THE RATE CONSTANT k* 





lonic strength 10°k (sec~') 


00162 }&~=3=©| 2-25 + 0-02 
0-108 
1-00 
1-00 





* Conditions: 25-0°C, no light. pH 0-141 2-04, initial complex conc. 3-8 mF 
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TABLE 4.— EFFECT OF ADDED SULPHATE ON THE RATE CONSTANT k* 





Formality of added sulphate 


5 -1 
(as H>SO,4+.NaSO,) 10°k (sec~ ") 





0-000 1: 2-25 + 0-03 
0-183 : 2-38 + 0:06 
0-392 ]- 2-68 + 0-02 





* Conditions: 25-0°C, no light, ionic strength 0-2—1-0, initial complex conc. 3—7 mF. 


TABLE 5.— EFFECT OF LIGHT ON THE RATE CONSTANT K * 





l 
| 
Temperature (C) | Illumination | 105k (sec 


5-00 + 0-03 | None (dark) 
‘00 + 0-03 | Fluorescent lab. lights overhead | 
-08 + 0-03 100-W incandescent bulb about 


10 cm from reaction vessel | 15-34+4-0°5 


2 ° 
4 
< 





* Conditions: pH 1-10, ionic strength 0-105—0-018, initial complex conc. 5—8 mF 


TABLE 6.— EFFECT OF TEMPERATURE ON THE RATE CONSTANT kK * 





Temperature (°C) 105k(sec ©) 





0-576 + 0-009 
2:25 +0:-03 
8-02 -+- 0-07 





* Conditions: no light, pH 1-10, ionic strength 0.02—1-00, initial complex conc. 3—6 mF. 


DISCUSSION 


Although SeELBIN and BAILAR" found a slight decrease in the rate constant for 
aquation of cis-dichlorobis(ethylenediamine)chromium(IIT) cation as they increased 
the initial concentration of complex, no such effect was observed by us in the case 
of the trans isomer. The effect found by SELBIN and BAILAR may have been asso- 
ciated with catalytic impurities in their complex, inasmuch as they used a different 
preparation of complex in each run involved. In our investigation, a single 
prepaiation of trans-dichlorobis(ethylenediamine)chromium(III) nitrate was used 
throughout. The rate constant for aquation of that complex is independent of its 
initial concentration over the range 1-63—11-33 mF, as shown by the data in Table 1. 

The data in Table 2 show that the aquation rate constant is independent of pH up 
to about pH 3. At higher pH, the apparent rate constant seems to increase, although 
the initial slopes of the rate plots at pH 4 and 5 are not accurately known from the 


(10) J. SELBIN. Private communication. 
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data. PEARSON ef a/.") reported that the same rate constants were obtained in acet- 
ate-acetic acid buffers of pH 4:2-4-6 as in 0-1 F nitric acid. If our rate constant 
at pH 5 is actually greater, the effect apparently cannot be due to base hydrolysis 
of trans-dichlorobis(ethylenediamine)chromium(III) cation, since the base hydrolysis 
rate constant has been reported”) to be 3:7x10-*M~'sec™' at 25°C, requiring 
a pH of nearly 11 before base hydrolysis could release chloride as fast as can acid 
hydrolysis at 25°C (in contrast to the cobalt(III) analogue, for which the correspond- 
ing pH is ca. 6). Inasmuch as our present interest in the system was wholly in the 
acid hydrolysis, we have not investigated this point further. The increasing curvature 
of the rate plot (Fig. 2) with increasing pH suggests that the chloroaquobis(ethylene- 
diamine)chromium(III) cations may be more susceptible to base hydrolysis than is 
the trans-dichlorobis(ethylenediamine)chromium(III) cation. 

The rate constant is independent of ionic strength in the range 0-0162-1-00 
(Table 3). This is not unexpected, since a univalent cation reacting with a neutral 
molecule (H,O) would not be expected to show any ionic strength effect in very 
dilute solutions, with possibly only a small effect at the higher ionic strengths. 

The increase in the rate constant produced by the presence of sulphate anion 
(Table 4) can be explained by assuming a dissociation mechanism, in which the 
proximity of a doubly-negative sulfate ion to the trans-dichlorobis(ethylenediamine)- 
chromium(III) cation in an ion pair facilitates the dissociation of a chloride anion 
from the complex on an electrostatic basis. SELBIN and BaILaR® found for the cis 
isomer an effect which is probably a rate increase due to ion-pair formation, but 
which, from their data, cannot be unambiguously distinguished from a possible 
ionic-strength effect. 

The observed photosensitivity of the complex (Table 5) is in accord with a general 
discussion of the photochemistry of chromium(III) complexes by SCHLAFER”, in 
which he attributes the photosensitivity to excitation of the chromium atom to a 
metastable electronic state whose lifetime is long enough to permit Jocalization of 
the energy in a chromium-to-ligand bond, causing dissociation. 

The value (2:25+0-03) x 10~*sec”' (a weighted average of all our values ex- 
cluding those from runs at pH > 3 and runs with added sulphate or in the light) 
may be taken for k at 25-0°C over the wide range of conditions involved. This value 
is lower by a factor of 1-7 than a previously reported value“ based on experiments 
at a single initial concentration of complex (2 mF) in 0-1 F nitric acid and at an ionic 
strength of 0-1. 

The Arrhenius activation energy calculated from the data in Table 6, taking 
into account the temperature errors, is 23-23 + 0-17 kcal/mole, typical for aquation 
reactions of cobalt(III) and chromium(IIL) complexes. A comparison of the activation 
energies (in kcal/mole) for the chromium(III) and cobalt(III) complexes shows that 
the trans isomer has a greater activation energy than the cis isomer of the same 
transition metal, and that for a given isomer the d® cobalt(III) complex has a 
greater activation energy than the d’ chromium(III) complex, as expected on the 


(0) H. L. ScucvArer, Z. Physik. Chem., Neue Folge 11, 65 (1957). 
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basis of the crystal-field theory; rate constants (in sec~' at 25°C) are given for 
comparative purposes: 
trans-[Cr(en),Cl,]* E, = 23:23 +0-17 k = (2:25 + 0-03) x 107° 
cis-[Cr(en),Cl,] E, = 211° k = 330x105) 
trans-[Co(en),Cl,]* E, = 24:2"7-28"9 k = 3-2« 107% 
cis-[Co(en),Cl,]* £, = 22-3" k =25x10-“ 


The finding of rate accelerations caused by ion-pairing and by light suggest that 
an S,1 dissociation mechanism is involved in the aquation reaction, but the possibil- 
ity of an S,2 displacement mechanism contributing to the reaction is not thereby 
ruled out. 


It is possible that the reaction may proceed by isomerization to cis-dichlorobis- 
(ethylenediamine)chromium(III) cation before aquation. Because the latter cation 
itself undergoes aquation at 25°C almost 15 times as fast as the trans isomer appears 
to, the cis-dichloro species could not be detected in the reaction mixture, and so 
the presence of trans—cis isomerization could be neither confirmed nor ruled out. 


Acknowledgement — This study was supported in part by the United States Atomic Energy Com- 
mission through Contract AT(11-1)-34, Project 12. 
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Abstract —The rate law for the exchange of oxygen atoms between perrhenate ion and water in 
the pH range 2:2 to 6:2 is rate = ki[H *][ReO4][H2O]-+k2[ReO4][H2O]; at u = 0:34 and 
O°C, k; = 3-91 1.2 mole“! min~? and kz = 1-89x10~51. mole~! min~!. The exchange of 
[Re(en)202]* with water is slow under neutral conditions and the oxygens of [Re(en)202]* are 
transferred to ReO,~ when the oxidation is carried out in basic media with Br. 


THE compound [Re(en),O,]Cl, + first prepared by LEBEDENSKY and IRVANOV-EMIN”’?, 
is especially interesting because of the inertness to substitution of the ethylene- 
diamines and ease of oxidation to ReO,. The metal to oxygen bond is related to 
that found in more common compounds such as CrO,Cl,, UO,SO,, UO,(NQ;), 
which are only incompletely understood. It was felt that studies on [Re(en),O,]Cl, 
because of its relatively inertness to substitution, might lead to a better understand- 
ing of “covalent” metal-oxygen bonds. 

With most oxidizing agents the oxidation of [Re(en),0,]* to ReO,; takes place 
readily in acidic solution but is much slower in basic media. In an effort to interpret 
the kinetics of some of these reactions, it was necessary to know the rate of oxygen 
exchange between ReO, and H,O, between [Re(en),0,]" and H,O, and the extent 
of oxygen transfer in the conversion of [Re(en),0,]" to ReO,. This paper reports 
the results of experiments using '*O as a tracer, designed to evaluate the rates and 
determine the extent of oxygen transfer. 


EXPERIMENTAL 


Preparation of materials 

NaReO,. This compound was prepared by the reduction of doubly recrystallized’ commercial 
KReO, with HI in concentrated HCl to K2ReCl¢ which was hydrolysed by the addition of NaOH 
in boiling water. The black Re(OH)4 or ReO>2 after careful washing was converted to HReO4 
with HO, in the presence of a trace of HNO3. The addition of NaHCO; (AR) until a pH of 
7-0 (after heating) followed by evaporation, gave NaReO4. This was recrystallized from water 
and dried under vacuum. 

A second sample of NaReO, was prepared by treating the recrystallized AgReO, residues pro- 
duced in the studies with slightly less than the theoretical amount of NaCl and evaporating the 
supernatant solution. Both samples gave identical results. (Found: Re, 67-94. Calc., for NaReO,: 
Re, 68°17 per cent). 


* Present address: Chemistry Department, University of Missouri. 
ft en 1,2-ethylenediamine. 
{) ].G. F. Druce, Rhenium, p. 60. Cambridge Univ. Press, (1948). 
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[Re(en)20>]Cl. This compound was prepared by the action of 90 per cent commercial ethylene- 
diamine with K2ReCl¢ at 50°C in the presence of air. It was separated as the iodide, ground with 
freshly prepared solid AgCl to produce the chloride and recrystallized from a H2O-EtOH mix- 
ture. Drying at 80°C for one hour at 1 mm produced the anhydrous compound. 


Analysis. Re-analysed by the method of MELOCHE ef a/.'?) using furildioxime and Sn*?, oxid- 
ation state by potentiometric titration with Ce*+* in acid to ReO,~, chloride by AgCl precipitation. 
(Found: Re, 53-46; Cl, 10-32; oxidation state change, 1-97. Calcd. for ReC4H;6N202ClI: Re, 53-84; 
Cl, 10-25%; oxidation state change, 2-0). 

NaReO,*t. Preliminary experiments showed a rapid oxygen exchange between water and ReO, 
under acidic conditions. NaReO, was equilibrated with warm, slightly acidified N.O* (seven tinies 
enriched) for 6 hr followed by evaporation of the solvent. This was carried out three times and the 
final HjO* saved for '80/'®O analysis. The trace of HNO; was neutralized with a slight excess of 
NaHCO; and the solid NaReO4* dried under vacuum at room temperature. This salt contained 
a trace of NaHCO; and since the exchange measurements were purposely not carried out in a buff- 
ered medium, this was taken into account in the acidity of the solvent used. 

ReO,~ -H20 exchange. 0-5-2-0 g. of finely powdered NaReO,4* was added with shaking to 10-0 
ml of H20 slightly acidified with HNO at 0°C, containing an inert salt (NaClOg4) if necessary. So- 
lution occurred within 15 sec. Samples were withdrawn at intervals and added to 2 M AgNO; so- 
lution at 0°C. (This AgNO; solution was in equilibrium with Ag»O (s) to give the most nearly basic 
condition). The precipitate (AgReO,) was collected, washed two times at 0°C with water and three 
times with methanol. It was then dried under vacuum and placed in a small platinum cup which 
was suspended in a quartz flask attached through stopcocks to a vacuum line. After evacuation, 
the quartz flask was closed off from the vacuum system and an induction furnace heated the sample 
until it decomposed (> 1000°C). The products were Re2O7, Ag®, O2 and lower oxides of Re. The 
O2 was purified of nonvolatile materials by freezing with a MeOH-CO  (s) mixture and the '80/!®O 
ratio determined with an isotope-ratio mass spectrometer and compared with normal O prepared 
by the thermal decomposition of BaO2. The isotopic composition of water was determined by equili- 
brating with a small amount of NaReO, after the addition of a trace of acid followed by conversion 
of ReO4-O2. All '80/!6O values are normalized to a value of 2-00 x 10~3 for normal water. The 
isotopic composition of NaReO4* was determined assuming no induced exchange when the pre- 
cipitation takes place at a pH greater than five. This was essentially substantiated by its near agree- 
ment with the value obtained by isotopic ratio neasurements on CO) equilibrated with the final 
H>O used in its preparation. 

To test the precision of the procedure, the isotopic composition of ReO,~ was determined using 
reagents all of which were enriched to nearly the same degree as the ReO4g~ and comparing with 
the composition obtained for the same ReO4~ isolated and analysed from normal solvents and 
reagents. Less than 2 per cent exchange occurred during the separation, and in the high pH range 
the average deviation from the mean was observed to be 1 per cent. 

The pH values of solutions were determined on a Beckman meter, Model G, at 0°C on the 
solution left after sampling. This final pH may not be exactly representative of the acidity during 
which the exchange took place because during the time before all of the NaReO,~ dissolved, the 
solution was more acidic. This was a small effect and could not be alleviated because of the trace 
of NaHCO; in the NaReQO, sample. 

The rate of exchange of ReO,~ and solvent was measured by observing the isotopic composition 
of ReO,~ as a function of time. The exchange law, In(1— F) = K*t was followed where F is the 
fraction of exchange completed and (1—F) equals ('80,,—!80)/('!8O,,—!809). (The symbols 
1805, 180, '80,, mean the normalized mole fraction of '80 in ReO,~ at time 0, t, and infinite 


+ The asterisk denotes any species prepared enriched in '80. 

Ry is the mole fraction of '80 compared to a value of 2°00 10-3 for normal oxygen in 
water. 
) V.W. MeEtocue, R.L. Martin and W.H. Wess, Analyt. Chem. 4, 527 (1957). 
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time). The graph of log(!80,,—!80)/('80,,—'8O9) versus time gave a straight line extra- 
polating at fp to 0. From the slope, K*, the specific rate, was determined and is related to the 
rate, R, of the reaction carrying the exchange by the equation 


4(ReO,4” )(H20) 
4(ReO,~ )+(H20) 


mole 1.~! min~! 


[ Re(en)202]* —H20 exchange. 


Exactly 0-25 g of [Re(en)202] Cl was evacuated in a Urey tube for several hours to remove water 
and 1-50 g of H,O* added through the stopcock while freezing. This mixture was allowed to warm 
to «5°C until solution and mixing were complete and about 0-2 g of H2O was distilled off and 
collected. A second water sample was collected after about an hour equilibration period at room 
temperature. The water samples were equilibrated with a known amount of CO) and the isotopic 
composition of the CO) measured. Correction was made for the 'O enrichment by the CO2. The 
standards were CO) equilibrated with normal H2O and with enriched HO and normalized to a value 
of 2-00 x 10-3 for normal water. The experiments on oxygen atom transfer in the reaction 


2H,0 +[Re(en)202]+ + Br2 > ReO,~ + 2enH2+?+ 2Br- 


were carried out in slightly basic media. To 0-25 g of [Re(en)202]Cl was added 1-00 g of H2O* 
in a Urey tube under vacuum. A trace of 95 per cent ethylenediamine was added and Br, distilled 
into the solution with cooling until only a trace of the original compound remained. A portion 
of the H2O was collected by distillation, and equilibrated with a measured amount of CO 2. Correc- 
tion for the '©O contamination from the CO was made in evaluating the isotopic ratio of oxygen 
in H20. 


RESULTS AND DISCUSSION 


Table | gives the rates of oxygen atom exchange of ReO, with H,O. Each rate 
was determined from isotope ration of ReO, at different times during the exchange 
covering about 70 per cent of the exchange. These points were on a straight line which 
extrapolated to a value of log['*O,,—'*0)/('*0,,—'*O,)] of O at time 0. It is apparent 
that the rate of exchange increases rapidly with increasing acidity A graph of log R 
vs. log H~™ (Fig. 1) shows that in the high acidity region the rate of exchange is 
essentially first order in H* but that at low acidities the rate is faster than would 
be expected on this basis. The leveling of the rate at low [H*] may be due to a slow 
hydrogen ion independent path. However, the upper range of pH is severely limited 
by the mode of ReO, separation because the addition of a ReO, solution at a pH 
greater than 6°5 to lightly buffered Ag~™ solution results in the formation of traces 
of Ag,O contaminating the AgReO,. Since Ag,O on heating gives O, which would 
be of solvent isotope composition, the presence of this impurity would give an 
apparent rate of exchange greater than the actual rate. The upper pH limit appears 
to be about 6°5 under the conditions given. A check at this pH of the isotope composi- 
tion of O, obtained from ReO, using Ag” in water of normal and enriched oxygen 
composition showed exchange which was not outside experimental error. At 
higher basicities, however, the AgReO, was coloured due to Ag,O. 

The order with respect to ReO, can be inferred from the rates at 0-5 and 2:0 g 
of ReO, per 10-0 ml of water. In Fig. | it can be seen that the concentration-cor- 
rected rates fall on the same curve for a factor of four change in [ReO,]. The rate 
at 0-5 g NaReO, to 10 g H,O was held at an ionic strength of 0-37 with NaClO, 
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while the highest concentration had a larger ionic strength. The kinetics with respect 
to water were assumed to be first order. 
Since two paths of exchange appear to be operative, the rate of reaction leading 
to exchange, 
R = k,(H’ )(ReO, )(H,0)+,(ReO,; )(H,0), 


k, was evaluated from the straigth portion of the curve and k, by successive ap- 
proximation. 































































































































































































Ae) 


Fic. 1.—Rate of oxygen exchange between HxO and ReO4~. O°C. wu = 0:34 (**, ©, @ are 
for 0-5, 1-0 and 2:0 g NaReOy, respectively to 10:0 g of HO + and @ corrected to 10g to 
10:0 g H30). 


The theoretical curve is drawn in Fig. | using the evaluated constants (k, = 
3-91 I? mole? min~', k, = 1-89x10~° 1. mole~! min™! and shows essential 
agreement with the experimental results. 

The exchange of oxygen atoms of ReO, with H,O is qualitatively similar to 
what is known about MnO,, i.e. immeasurably fast in strong acid, slows or no 
exchange in basic media. However, the non-H* path for ReO,, apparently not 
present with MnO, , is reasonable in view of the larger size of Re and its greater 
tendency to expand its co-ordination number. Incidentally, the fact that NaReO, 
can be dissolved in and removed from water with no oxygen exchange strongly 
supports the presence of discrete ReO,; ions in aqueous solution as indicated by 
Raman spectra and acid characteristics.* The low solubility of salts of [Re(en),O,]* 


(3) J, E. EARtey, D. FortNuM, A. Woscicki and J. Eowarps, J. Amer. Chem. Soc. 81, 1296 (1959). 
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and our inability to obtain a pure volatile oxygen-containing species from[Re(en),0,] 
for mass spectrometric analysis prevented precise measurements of rates of exchange. 


TABLE 1.—OXYGEN EXCHANGE BETWEEN ReOy~ AND H20* 





= R 








0-389 0-550 
0-200 0-285 
0-069 0-:0987 
0-039 0:0556 
00116 0:0165 
0-00751 0:0107 
0:00238 0:00339 
0-001086 0-00155 
0:000768 0-001096 
0:000336 0:000480 





* At OC, u=037 


TABLE 2.—RATE OF EXCHANGE OF OXYGEN BETWEEN 
[Re(en)x02]* AND H20* 





Trial 1 Trial 2 


RyH20 (final), 5 min = 0-01620 0:01634 
1 hr 


RyH20 (final), = 0:01624 0:01628 


Calculated value for complete exchange Ry = 0-01614 
Calculated value for zero exchange Ry = 0:01632 





* Ry H?20 (initial) 001632, Ry»[Re(en)yO2}+ = 0-00200 


Table 2 shows the exchange between oxygen atoms of [Re(en),O,]" and H,O* 
in neutral solution. Although the experimental error is high, the values are in closer 
agreement with slow exchange. This is especially evident when one considers that 
nearly any error will lead to a low '*O/'°O ratio and that there seems to be no large 
trend with time. Thus these results are good evidence that the exchange is relative- 
ly slow under neutral conditions. Further support for this comes from the oxygen 
transfer experiments. 


TABLE 3.-OXYGEN ATOM TRANSFER, [Re(en)303]* - ReO,g~ 





Trial 1 Trial 2 


Ry H20 (final) = 0-01632 0-:01628 








Calculated Ry for zero oxygen transfer 0-01596 
Calculated Ry for two oxygen atoms transfer 0-01632 


Oxidizing agent bromine, RyH?0O (initial) 0-01632 
Ry[Re(en)202]* = 0-00200 








Oxygen exchange between ReO, and H2O0 231 


Table 3 shows the results of oxygen transfer measurements between [Re(en),0,]* 
and ReO, using Br, in basic media. Previous work had shown that ReO, and 
Br, are two of the main products. A trace of ethylenediamine was added to make 
the solution basic without altering the isotopic composition of the solvent. This 
prevented traces of acid formed in the reaction from causing oxygen exchange of 
either the starting material or product with the solvent. Bromide ion present in the 
reaction products prevented the usual oxygen isotopic analysis of the ReO, due 
to the formation of mixtures of AgBr and AgReQ,. Isotopic analysis of water samples, 
although not as precise, was used. It is quite clear that the observed values for the 
solvent water show little depletion of their enrichment due to oxygen transfer to, 
or exchange with, the solvent. 

Thus it appears that the transfer of oxygen from [Re(en),0,]* to ReO, is essen- 
tially complete when Br, in basic solution is the oxidant. The mechanism of this 
oxidation is not apparent from oxygen transfer experiments. A one-electron oxida- 
tion would result in the 6+ oxidation state which must exchange its oxygens much 
more slowly than it is oxidized to ReO,. Replacement of (en) by oxygen from the 
solvent could take place in either the 6+ or 7+ state. 

Work on the kinetics of oxidation and of ethylenediamine exchange are being 
carried out in an effort to understand the mechanism of this reaction. 
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Abstract—The extraction of metal salts from aqueous solution and their chromatographic sepa- 
ration have been achieved using solvent swollen polymers. The use of such gels as a means of conn 
tacting organic and aqueous phases eliminates the problem of entrainment loss which is ofte- 
encountered in conventional liquid-liquid extraction techniques. 


It is now a frequent experience in the study of metal extraction or separation 
procedures that the most favourable chemistry is to be found in a liquid-liquid 
extraction process employing a water-immiscible organic extractant as the source of 
the extraction or separation potential. This is particularly so in analytical chemistry"! 
and the application of the technique in large-scale metal separation schemes is becom- 
ing more and more an accepted practice. An important example of the power of the 


method is provided by the dependence of the atomic energy industry on liquid- 
liquid extraction processes as a solution to some of their many hydrometallurgical 
problems. ‘2? 

Compared to counter-current extraction techniques using fixed beds of adsorbents, 
the liquid-liquid extraction process has the advantage that it is often possible to 
build selectivity into the organic extractant more easily than into a solid adsorbent 
such as an ion exchange resin.©’ On the other hand the liquid-liquid process is 
frequently beset with the problem of extractant loss through physical entrainment or 
emulsification which constitutes a disadvantage not shared, or at worst only minutely 
so, by the resinous adsorbents. This problem may be minimized by aliowing sufficient 
time for phase disengagement, but this, on the other hand, may take a prohibitively 
long time. 

It can be fairly confidently proposed that if the functionality of the extractant 
could be incorporated in a physically stable solid or gel phase, elimination of these 
two problems would be an obviously attendant benefit. Moreover, the “gel” or 
“solid” extractant could then be manipulated in packed beds by techniques which 


') G. H. Morrison and H. FReiser, Solvent Extraction in Analytical Chemistry. John Wiley, New 
York (1957). 

*) F. R. Bruce, Proceedings of the International Conference on the Peaceful Uses of Atomic Energy, 
Geneva, 1955, Vol. 7, p. 100. United Nations, New York (1956). 

8) C. F. COLEMAN, K. B. Brown, J. G. Moore and D. J. Crouse, Industr. Engng. Chem. 50, 1756 
(1958). 
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are exemplified most commonly by ion exchange column practice. There is however 
an additional advantage which may be derived from this modification in the manner 
of contacting the aqueous phase with the organic extractant, namely, that a more 
efficient use of extractant in such a “solid” or “gel” form is to be anticipated. The 
justification for such a claim may be more evident if one makes a comparison of the 
relative efficiencies of liquid-liquid extraction columns and packed bed columns as 
characterized by their HETP values. In the most efficient cases, liquid—liquid 
columns may be operated under conditions that give HETP values of a few inches 
to a few feet.“-* On the other hand, in ion exchange applications, conditions for 
mass transfer may be made so favourable by the almost unlimited choice of flow 
rates, resin particle size and degree of crosslinking, that cases are known where 
the HETP value has been lowered to a fraction of a millimetre. It seemed therefore 
that incorporation of an extractant in a “solid” or “gel” phase would confer on it 
a further advantage of more efficient utilization, and yet preserve its potential for 
extraction or separation arising from its chemical nature alone. The attempts to 
construct such an extraction system are described in this paper. 

In considering possible methods of incorporating organic extractants in a phys- 
ically stable phase, the idea of using a crosslinked copolymer swelled with the 
extractant was conceived as being a profitable direction of approach. In this respect 
the copolymers of styrene and divinylbenzene suggested themselves as a useful 
source of crosslinked polymer, particularly since they may be readily synthesized in 
the form of spherical particles of varying sizes and degrees of crosslinking. Conse- 
quently, such polymers have been used exclusively in this work. Since the extractants 
have been incorporated as part of an organic swollen gel, the term “gel liquid 
extraction” has been used to describe the process. It is realized that the technique 
might be equally well termed “inverse phase partition chromatography” but since 
“gel liquid extraction” (GLX) is more descriptive of the manner in which the ex- 
tractant is immobilized, this terminology has been adopted. 

The choice of tri-n-butyl phosphate (TBP) as a suitable extractant from which 
to synthesize a model GLX system was made on the basis of the established ver- 
satility of TBP in the extraction and separation of metal salts, particularly from 
aqueous nitrate systems.‘”® 

PREPARATION OF GELS 
(1) Preparation of copolymers 

Solvent swellable copolymers were piepared by the suspension copolymerization 

of styrene (S) with divinyl benzene (DVB). Structurally such copolymers may be 


‘) J. H. Perry (Editor), Chemical Engineers Handbook (3rd Ed.) p. 752. McGraw-Hill, New 
York (1950). 

5) A, WEISSBERGER (Editor), Technique of Organic Chemistry Vol. 3, p. 367, Part 1 Interscience, 
New York (1956). 

‘6) §.W. Mayer and E. R. Tompkins, J. Amer. Chem. Soc. 69, 2866 (1947). 

{7) D. F. Pepparp, J. P. Faris, P. R. Gray and G. W. Mason, J. Phys. Chem. 57, 294 (1953). 

{8) H. A. C. McKay, Proceedings of the International Conference on the Peaceful Uses of Atomic 
Energy, Geneva, 1955, Vol. 7, p. 314. United Nations, New York (1956). 
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regarded as being an interlacing network of polystyrene chains crosslinked occasion- 
ally and covalently by DVB units. The limited swelling which these copolymers 
undergo when in contact with a variety of organic solvents is a property which may 
be controlled by the amount of DVB in the copolymer formulation. It is common 
practice to denote the amount of DVB in these copolymers by the notation X followed 
by a number which is the weight percentage of DVB in the copolymer formulation. 
For example the symbols SDVB (X2) describe a styrene divinyl benzene copolymer 
in which two weight per cent of the copolymer units are DVB units. The copoly- 
mers may be conveniently prepared in the form of almost perfect spheres and as 
such have a well known utility in the synthesis of ion exchange resins. 


(2) Surface modification of SDVB 

When copolymers such as SDVB are swollen in water-immiscible solvents the 
external surfaces of the resultant gels are so hydrophobic in nature that when placed 
in water they agglomerate to an extent which renders it almost impossible to obtain 
the close packing necessary for their optimum performance in a packed column. 
To eliminate this tendency to agglomerate, it was necessary to modify the copolymer 
bead surface in such a manner that the gels would present a hydrophilic exterior to 
the contacting aqueous phase. This end was achieved by treating the SDVB beads 
with hot concentrated sulphuric acid and thereby creating a thin shell of sulphonated 
copolymer on the outer regions of the bead. When such surface-modified copolymers 
were swelled in water-immiscible solvents and placed in water they showed no 
tendency to agglomerate, and packed in a manner similar to ion exchange resin 
particles. The amount of surface sulphonation necessary to provide these surface 
properties was found to be quite small compared to the total capacity of the copolymer 
for sulphonation. Thus the depth of shell necessary for satisfactory performance was 
so minute that it represented only 1/1000th of the total copolymer volume. It is 
to be emphasized here that the existence of these ion exchanging groups on the 
exterior shell merely confers the necessary interfacial properties on the gel and 
plays no significant part in its extraction capabiliti¢és which are determined by the 


solvent swollen core. 


(3) Swelling of copolymers 

Since TBP does not readily swell SDVB, best results were obtained by using 
TBP in conjunction with a solvent of high copolymer affinity. As a result, the 
majority of gels were prepared by swelling surface modified copolymer in a mixture 
of TBP and perchloroethylene (PCE). By allowing the solvent mixture to flow 
through a column containing the SDVB until equilibrium was attained between the 
gel and the solvent it was possible to regulate the composition of the final gel by an 
appropriate choice of solvent compositions. At equilibrium the gels were removed 
from the column, the interstitial solvent was removed by suction filtration and 
after a few washings with water the gels were ready for evaluation. 


‘?) R.H. Bounpy and R. F. Boyer, Styrene, p. 676. Reinhold, New York (1952 ). 
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EVALUATION OF GELS 


(A) Absorption capacity of gels for uranyl nitrate 

A standard procedure for gel evaluation was evolved based on the known high 
extraction affinity of TBP for uranyl nitrate. A weighed quantity of gel was loaded 
into a column provided with a suitable support for the absorbent, and an aqueous 
feed solution was loaded which contained uranyl nitrate and sodium nitrate at a 
concentration level effective in salting uranyl nitrate into the gel phase. The reten- 
tion of uranyl nitrate by the gel was calculated from a knowledge of the amount 
of uranyl nitrate loaded to the column and the amount in the effluent at saturation 
of the gel. The breakthrough of uranium from a typical gel is illustrated by Fig. | 
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Fic. 1.—Absorption of UO2(NO3)2 on TBP-gel (26:30) x2. Wt. of gel = 38 g, Vg = 45 ml. 


from which it is evident that (a) the gel absorbs urany] nitrate (b) the breakthrough 
is sharp—indicative of high transfer rates across the gel-solution boundary and 
within the gel and (c) the performance of the gel is reproducible over at least three 
cycles denoted by the differing symbols. 
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Fic. 2.—Absorption and elution of UO(NO3)2 on TBP-gel (26:30) x2. Wt. of gel = 38 g; 
Vez = 45 ml. 
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The regeneration characteristics of uranyl nitrate loaded gel may be deduced from 
Fig. 2 which illustrates three consecutive loading and elution cycles. The mechanism 
of extraction of uranyl nitrate by TBP is generally described by the equation‘!0) 


2TBP + UO?* + 2NO; = UO,(NO,),2TBP 


where barred symbols denote species which exist predominantly in the organic phase. 
It is evident from this mechanism that extraction of uranyl nitrate will be promoted 
by a high concentration of a non-extractable nitrate such as sodium nitrate or 
aluminium nitrate and as a corollary to this that water will be an effective stripping 
agent for a loaded solvent. The manifestation of both these effects in the GLX 
process is evident from Figs. | and 2 where it can be seen that uranyl nitrate is effect- 
ively extracted from 2 N NaNO; and is quantitatively eluted by water at a consider- 
ably higher concentration than that of the feed solution. The more general con- 
clusion to be drawn from these experiments is that the GLX process is feasible. 
The effect of gel structure and composition on extraction affinity as measured by 
the uranyl nitrate absorption procedure was made the subject of another series of 


experiments. 


(B) Effect of crosslinking 

A number of gels were prepared by swelling SDVB copolymers of varying 
degrees of crosslinking in a solvent mixture (TBP/PCE) of fixed composition. The 
compositions of the resultant gels and their equilibrium absorption capacities for 


uranium are summarized in Table 1, from which the beneficial effect of using low 
crosslinked copolymers may be deduced. It is to be mentioned however, that gels 
formed from 4 per cent DVB are subject to deformation under conditions of 
flow so that probably a lower limit of | per cent crosslinking may be set so as io 
achieve satisfactory column performance. The most highly crosslinked gel (X8), as 
well as having a low capacity for uranyl nitrate, displayed poor mass transfer 
characteristics resulting in premature breakthrough and a diffuse front for the uranyl 


nitrate wave. 


(C) Effect of solvent and gel composition on gel capacity 

The capacities of gels prepared by swelling SDVB (X2) in various TBP—PCE 
mixtures is illustrated in Fig. 3. The gradual increase in gel capacity with increasing 
TBP content of the solvent mixture may be attributed to the increasing TBP content 
of the resulting gels. The low capacity of gels containing little or no PCE is not so 
readily understood. The loss in extraction efficiency of TBP when present in gels of 
low PCE content may be examined in Table | by comparing the values in Column 8, 
which express capacities as the amount of uranyl nitrate absorbed per gram of TBP. 
The approximately linear relationship between TBP content of the gels and absorp- 
tion capacity is evident from Fig. 4. Again the two notable exceptions are pro- 
vided by the gels containing little or no PCE. [The figures in parenthesis denote 


0) T. V. Heaty and H. A.C. McKay, Trans. Faraday Soc. 52, 33 (1956). 
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gel composition (Wt. per cent TBP: Wt. per cent PCE).] This apparent indepen- 
dence of absorption capacity on gel composition as expressed by the “dilution” of 
the TBP in the gels is a little difficult to reconcile with behaviour in the free liquid 
systems (8), where there is a power dependence of extraction coefficients on the de- 
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Fic. 3.—Capacities of X2 TBP-gels vs. composition of swelling mixture. 


gree of dilution of the TBP. However, a difficulty in understanding these GLX sys- 


tems is encountered when one attempts to assess the contribution of the copolymer 


matrix. 
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Fic. 4.—Capacities of TBP-gels vs. % TBP in gel. 


(D) Kinetic features of gels 

That the total solvent content of these gels is the predominating factor in deter- 
mining their mass transfer characteristics is evident in Fig. 5 which shows break- 
through curves for gels of varying total solvent content. The total solvent content may 
be obtained by summation of the two figures in parenthesis. The sharper break- 
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Fic. 5.— Absorption of UO 2(NO3)2 on TBP-gels. 


through obtained using a gel of high solvent content is consistent with the idea of 
its having a more open gel structure, a concept which has been found useful in 


understanding the diffusional properties of aqueous gels. 
SEPARATIONS BY GLX 


Having demonstrated the extractive capabilities of SDVB gels, a study of their 
potential as separating media was a logical extension of this work. The results of 
a few attempted separations are illustrated in Figs. 6-9. 

(a) Ferric nitrate-uranyl nitrate separation 

Ferric nitrate, being only slightly extracted by TBP, may be effectively separated 

from uranyl nitrate by the GLX technique (Fig. 6). When a mixture of these two 
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Fic. 6.--Separation of U and Fe on TBP-gel (20:25) x4, Vg = 58 ml. 


solutes in 4 N nitric acid solution is loaded on to a column of SDVB gel, iron appears 
in the effluent immediately after displacement of the gel interstitial fluid. Uranyl 
nitrate, however, is absorbed by the gel, so that at the end of the loading cycle and 
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after a volume of rinse solution has been applied to displace iron in the interstitial 
volume of the bed, the uranyl nitrate may be removed by water elution. The ferric 
nitrate and uranyl nitrate were obtained virtually uncontaminated by each other. 
The dip in the uranium wave was a result of a 15 hr interruption of the uranium 
elution from this relatively “slow” gel. 


(b) Thorium nitrate-uranyl nitrate separation 
Uranyl nitrate may be successfully separated from a relatively much higher 
concentration of thorium nitrate as illustrated by Fig. 7. 
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Fic. 7.—Separation of U and Th on TBP-gel (20:25) 4, Vg = 50 ml. 


The separation of these two salts was essentially complete and could no doubt 
have been improved by using a gel of lower crosslinking. 


(c) Thorium nitrate—yttrium nitrate separation 

This separation, illustrated by Fig. 8, provides an interesting example of one 
solute, namely yttrium nitrate, acting as salting out agent for the other, thorium 
nitrate. In the separation illustrated by Fig. 7 it is to be noted that thorium nitrate 
was only slightly retained by the gel while in the case under discussion the success 
of the separation is based on the ability of the gel to hold back this solute. These 
two examples serve to bring out the fact that the GLX process may be designed to 
give varying performances by an appropriate choice of the gel composition and by 
the nature and concentration of the salting out agent. 


(d) Yttrium nitrate-ferric nitrate separation 

Yttrium nitrate, a solute which is only slightly extracted by TBP, as compared 
to the highly extractable uranyl nitrate for example, can be forced into the gel phase 
by using a suitably high background of salting out agent. In the separation illustrated 
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Fic. 8.—Separation of Y and Th on TBP-gel (32:31)«1, Vg = 39 ml. 


by Fig. 9, ferric nitrate probably provides this effect in the early part of the cycle 
while the rinse with 10 N ammonium nitrate serves to maintain the yttrium on the 
column and at the same time displace the weakly extractable ferric nitrate. Again 
it may be predicted that a more complete separation would have been effected had 
a more loosely crosslinked gel of higher TBP content been used. 
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Fic. 9.—Separation of Fe and Y on TBP-gel (19:26) x4, Vg = 81 mi. 


EFFICIENCY OF THE GLX PROCESS 


SIMPSON and WHEATON'"!!) have applied a method for the determination of column 
efficiency, as expressed by HETP values, to the ion exclusion process. Since there 
is a fundamental similarity between the GLX process using TBP gels and ion 
exclusion in that both involve the adsorption and desorption of solutes by a swollen 
gel phase, the SIMPSON and WHEATON method may be applied with some confidence 
to the problem of calculating the HETP value of a typical TBP gel. In this method, 
a small volume of feed containing extractable solute, in this case uranyl nitrate, 


(11) D. W. Stimpson and R. M. WHEATON, Chem. Engng. Progr. 50, 45 (1954). 
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Determination of HETP of a TBP gel. 
V))/W?} — 21; HETP — (12-5 in/21 in.) ~ 0-59 in. 


is loaded to a column of gel and immediately followed by eluant. From certain 
characteristics of the profile of the effluent curve one is able to calculate the HETP 
value. The procedure for calculation is shown in Fig. 10 where: 
P = no. of theoretical plates, 
volume of eluate from the start of the run to the appearance of the 
maximum 
interstitial volume of the column and 
half width of the effluent wave at a concentration level of I/e of the 
maximum concentration 
The finding that the HETP value for this particular gel was 0-6 in. when operated 
at a flow rate in the column of 0-4 gal ft~* min, bears out the prediction that 
this modification in the manner of contacting extractant and aqueous phases would 
lead to a more efficient use of the extractant. 


LIMITATIONS OF THE GLX PROCESS 


It is to be expected that a weakness of the GLX process may arise out of the 
natural tendency of the gels to lose solvent through solution in the moving aqueous 
stream, although this loss should be no greater and probably less than in the 
conventional process. In nearly all of the instances quoted in this paper this weakness 
proved to be a tolerable one since there was no measurable loss in performance 
of the gels and no observable change in the gel volume. In a few instances the gels 
did display a more serious weakness which may be described as degeneration of the 
gel by “oozing” the organic solvents into the aqueous phase. This occurred only 
when the aqueous phase contained a high concentration of an extractable nitrate, 
e. g. 6 N nitric acid, and may be attributed to the volume changes in the organic 
gel phase on adsorption of considerable amounts of a solute such as nitric acid. 
In order to accomodate such large amounts of solute without undergoing degenera- 
tion, the gel would be required to distend itself to an extent which it apparently 
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cannot achieve. The system therefore attains its equilibrium by formation of a third 
phase. It is consequently recommended that for the TBP GLX process to be success- 
ful it should not be operated in an environment which contains excessive amounts 
of salting out agents such as nitric acid, hydrochloric acid or alkali metal thiocyan- 
ates which are themselves appreciably extracted. 


CONCLUSION 


The aim of this work has been primarily to demonstrate the feasibility of the 
GLX process, by creating a model system and applying it to certain problems of 
metal salt separation. It is therefore to be emphasized that the principle may be 
extended theoretically to any process which uses selective distribution between two 
immiscible phases as a means to attain separation. The elimination of entrainment 
losses to be derived from using the GLX process makes it an attractive alternative 
to liquid-liquid systems which suffer this defect. 

Adoption of this technique may be particularly beneficial in systems which 
employ a high aqueous to organic flow ratio in the conventional liquid-liquid 


extraction process. 


EXPERIMENTAL 


Source of materials. Styrene divinylbenzene copolymers were the same as those used as inter- 
mediates in the synthesis of ion exchange resins, and were readily available from the resin synthesis 
plants of the company. 

All of the gels described were synthesized from 50-100 mesh copolymers. 

Tri-n-butyl phosphate was obtained as Eastman white-label grade and technical grade perchlo- 
roethylene was used throughout the work. 

Surface sulphonation.“*) One weight of concentrated sulphuric acid was heated to 100°C on 
a steam bath. One weight of dry copolymer beads was added to the acid and the mixture stirred 
for the time necessary to give an adequate degree of surface sulphonation (about 0-005 meq./g 
of copolymer). This time was determined by carrying out an independent series of experiments 
to establish the variation of degree of sulphonation with time of contact of the acid and polymer. 
At the end of the prescribed time the contents of the reaction vessel were transferred to a filter, 
the excess acid removed and the surface modified polymer washed with copious amounts of water 
to arrest further reaction and remove excess acid. After determining the total hydrogen ion capac- 
ity of the polymer by potentiometric titration, the beads were dried in an air oven at 110°C for 
4 hr in which state they were ready for swelling. As a rough guide to sulphonation times it may 
be quoted that 20 min contact time with hot sulphuric acid is adequate to modify 50-100 mesh 
SDVB X2. It is to be added that this figure may be taken only as a guide to sulphonation time, since 
different batches of copolymer which were nominally identical in other respects, reacted to different 
extents with sulphuric acid. It should also be emphasized that the degree of sulphonation should 
be kept at the minimum necessary to confer satisfactory packing characteristics on the final gel. 

Uranyl nitrate absorption capacities. A weighed amount of suction—filtered gel (about 40 g) 
was loaded into a 1 /2 in. i. d. burette type column with a sintered glass disk support. The water in the 
interstitial volume of the bed was displaced and the gel preconditioned by passing through the column 
about two bed volumes of an aqueous solution of 2 N sodium nitrate and 0-1 N nitric acid. A solution 
of uranyl nitrate was then loaded on the column at a flow rate of 2 ml/min and fractions of the 
effluent collected and analysed for uranium. From these analyses a breakthrough curve was con- 


“2) H, P. STauDINGER, U.S. Pat. 2 400 720 (1946). 
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structed (e. g. Fig. 1) and the equilibrium absorption capacity of the gel determined and expressed 
as milligrams of uranium per gramme of gel. The composition of the feed solution was 5g/I. of 
uranium (present as uranyl nitrate); 2 N sodium nitrate; 0-1 N nitric acid. 

Separations. The volumes and compositions of feed solutions are indicated in the figures which 
have been presented to describe the separations. In all cases the column of gel was conditioned with 
about two bed volumes of a solution which was identical in composition to the feed solution with 
the exception of course that it did not contain any of the solutes to be separated. Flow rates of 
2 ml/min were used in all the separations. 

Determination of HETP value. Forty grammes of a TBP gel X2 (26:30) was loaded into a 1/2 in. 

d. column and the interstitial water displaced with 0-75 N sodium nitrate. A volume (10 ml) of 
a uranium feed solution was loaded to the column at a flow rate of 2 ml/min. The composition 
of the feed solution was 5 g/]. uranium (present as uranyl nitrate); 0-75 N sodium nitrate. This was 


followed by an eluting solution (0-75 N sodium nitrate) and an elution curve constructed from an 


analysis of the product cuts (Fig. 10). 


ANALYSIS 


In two of the separations (Figs. 8 and 9) a discrepancy will be noted between 
the amounts of metals eluted and the amounts loaded to the columns. X-ray fluores- 
cence was used to analyse the effluent cuts and the discrepancy arises solely from 
the omission to run an adequate number of standards. This omission was justified 
on the grounds that it did not vitiate, or materially amplify, the most significant 
observation, namely that separations were effected. 
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Abstract—The extraction of Pm(III), Cm(II]) and Cf(III) from aqueous mineral acid phases of 
constant ionic strength into solutions of (G’O)(G)PO(OH) in toluene as carrier diluent has been 
investigated as a function of hydrogen ion concentration in the aqueous phase, extractant concen- 
tration in the organic phase and the nature of G, using the radioactive tracer technique. 

The distribution ratio, K, defined for a given radioactive nuclide as its concentration in the 
organic phase divided by its concentration in the aqueous phase, has been found, for each of the 
M(III) examples studied, to have an inverse third-power dependency upon the hydrogen ion con- 
centration in the aqueous phase and a direct third-power dependency upon the extractant concen- 
tration in the organic phase. 

For both Pm and Cm the value of K, (an extraction constant empirically defined in the text) 
increases as G progresses: 2-ethyl hexyl to phenyl to chloro-methyl, the over all range exceeding 10°. 

Selected (G’O),PO(OH) studies were included for comparison. In the one instance in which 
a direct comparison was made, in which G was 2-ethyl hexyl, the K, in the (GO)(G)PO(OH) system 
was lower than that in the (GO),;PO(OH) system by a factor of fifty for Pm and 100 for Cm. 

The effect of a varying 2 upon K, and upon the application of liquid-liquid extraction to the 
determination of stability constants of metallic complexes in an aqueous phase has been investiga- 
ted briefiy. 

The system, 2-ethyl hexyl hydrogen pheny! phosphonate (in toluene carrier diluent) vs aqueous 
HCI 4- NaCl, 2 1-0, has been demonstrated to differentiate in favour of Cf with respect to Cm 
by a factor of approximately 105. 

The same extractant vs. an aqueous HCI phase differentiates between adjacent lanthanides(II1) 
by a factor of 2:8, the log K vs. Z plot being a line of constant positive slope throughout the range 
studied. The K, for a specific lanthanide(II1) in this system exceeds that in a comparable bis(2-cthyl 
hexyl) phosphoric acid vs. HCI system by a factor of approximately 200. 


THE use of acidic esters of orthophosphoric acid, of the types (GO),PO(OH) and 
(GO), PO(OH),, where G is an alkyl, aryl or mixed alkyl-aryl group or a substituted 
variant, in effecting the separation of specific metallic cations has been investigated 
in a number of laboratories,“'~'' and the mechanisms of extraction have been reported 


* Based on work performed under the auspices of the U.S. Atomic Energy Commission. 

“) EM. ScaDveN and N.E. BALLou, Analyt. Chem. 25, 1602 (1953). 

2) D. F. Pepparp, G.W. Mason, J. L. Mater and W.J. Driscoii, J. /norg. Nucl. Chem. 4, 
334 (1957). 

‘) D. F. Pepparp, S.W. Morine and G. W. Mason, J. /norg. Nucl. Chem. 4, 344 (1957). 

“) D. F. Pepparp, G. W. Mason and S. W. Mouine, J. Jnorg.. Nucl. Chem. 5, 141 (1957). 
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for several systems. > '' In a study of the mutual separation of californium(III) 
from curium(III) by use of (GO),PO(OH) in carrier diluent x aqueous mineral acid 
system, it was found that the separation factor 3, as well as the absolute extraction 
constants, varied widely as G was varied.“'"’ 

In an extension of this study, a series of compounds in which the oxygen of one 
of the GO groups has been eliminated was prepared."'”? The resulting acidic esters 
of phosphonic acid, (G’O)(G)PO(OH), in which G’ is 2-ethyl hexyl and G is 2-ethyl 
hexyl, chloromethyl or phenyl, have been investigated with respect to their applica- 
tion to the separation of certain trivalent lanthanides and trans-plutonides; and 
the solvent and acid dependencies of the distribution ratios have been determined. 
It is believed that this is the first reported application of acidic este1s of phosphonic 
acid to the separation of metallic cations. 


EXPERIMENTAL 
Nomenclature 


Symbolic formulae, in which H represents a theoretically ionizable hydrogen and in which G is 
a generalized organic hydrocarbon group, with or without substituents, are employed in accord- 
ance with previous usage,‘®) without regard for molecular complexity. For example, (GO),(G)PO 
is the neutral phosphonate analogue of the neutral phosphate, (GO);PO.* Likewise (G’O):(G)PO 
is a “mixed” neutral phosphonate ester of the parent phosphonic acid, (G)PO(OH)>, the G being 
attached by a C-—P linkage. Specifically, (EHO)2(®)PO is the 2-ethyl hexyl “full-ester” of phenyl- 
phosphonic acid and is referred to as bis(2-ethy! hexyl)phenylphosphonate, *(!”) and (EHO) ®)PO(OH) 
is the 2-ethyl hexyl “half-ester” of phenyl phosphonic acid and is referred to as 2-ethy] hexyl hydro- 
gen pheny! phosphonate. *‘!2) Since the half-esters, (G’O)GPO(OH) have been shown to be dimeric !?? 
and since they appear to function as mono-ionized dimers in the extractions reported, the ioniza- 
tion of the extractant will be generalized as (HY)2 to yield H and HY,. 

The following are the specific extractants studied with their symbolic representations: 2-cthyl 
hexyl hydrogen 2-ethyl hexyl phosphonic acid, HEH(EHP); 2-ethyl hexyl hydrogen phenyl phos- 
phonic acid, HEH(@P); 2-ethyl hexyl hydrogen chloromethyl phosphonic acid, HEH(CIMP); 
bis(2-ethyl hexyl) phosphoric acid, HDEHP; and bis para [1,1,3,3 tetramethyl butyl)pheny!] phos- 
phoric acid, i. e. bis(octyl phenyl)phosphoric acid, HDO®P. (A recently reported study of the 
latter two compounds“!!) did not include Cm.) 

The distribution ratio, K, of a specific nuclide is defined as the concentration of nuclide in the 
upper divided by the concentration of nuclide in the lower of two equilibrated sensibly-immiscible 
liquid phases, the upper phase in this study being the organic, as opposed to the aqueous, phase. 


* The nomenclature employed by Chemical Abstracts is used throughout this presentation. 
* D. Dyrssen, Acta Chem. Scand. 11, 1277 (1957); 11, 1771 (1957). 
D. F. Pepparp, G. W. Mason, W. J. DriscoLt and R. J. StRONEN, J. Inorg. Nucl. Chem. 7, 


276 (1958) 
C. A. BLAKe, Jr., C. F. Bats, JR. and K. B. Brown, IJndustr. Engng Chem. 50, 1763 
(1958). 
C. F. Bags, Jr., R. A. ZiNGARO and C. F. COLemMan, J. Phys. Chem. 62, 129 (1958). 

’ D. F. Pepparp, G. W. MASON and R. J. SiroNEN, J. Inorg. Nucl. Chem. 10, 117 (1959). 

’ D. Dyrssen and F. Krasovec, Acta Chem. Scand. 13, 561 (1959). 

’ D. F. Pepparp, G. W. Mason, W. J. Driscott and S. McCarty, J. Jnorg. Nucl. Chem. 
12, 141, (1959). 

*) D. F. Pepparp, J. RR. Ferraro and G. W. Mason, J. Inorg. Nucl. Chem. 12, 60 (1959). 





Acidic esters of phosphonic acid 


Sources of materials 


Each of the (GO)GPO(OH) compounds was prepared by hydrolysis of (GO)2GPO. Of the 
neutral esters, bis(2-ethyl hexyl) phenyl phosphonate and bis(2-ethyl hexyl) chloro methyl phospho- 
nate were obtained from Victor Chemical Works and bis(2-ethyl hexyl)2-ethyl hexyl phosphonate 
was obtained from Virginia-Carolina Chemical Corporation. Victor Chemical Works was also 
the source of the iso-octyl pyrophosphate used in analysis of aqueous salt phases. 

The radioactive nuclides employed were beta-active 2:6 year '47Pm (Isotopes Division of the 
Oak Ridge National Laboratory), x-active 18 year 744Cm (Argonne National Laboratory stocks), 
and various californium samples (Paul Fields of Argonne National Laboratory) of which, in gen- 
eral the 70 day *°4Ct was determined by fission counting. These tracers were all repurified by 
liquid-liquid extraction techniques shortly before use, especial care being taken to rid Cf of any 
residual Am, Cm, and Pu, and Cm of any residual Am and Pu. 

The HCIO4, HNO; and HCI and their corresponding sodium salts were purified as described 
previously."!* 


Preparation and purification of extractants 


The preparation and purification of 2-ethyl hexyl hydrogen chloromethyl phosphonate, 
HEH(CIMP); 2-ethyl hexyl hydrogen pheny! phosphonate, HEH(®P); and 2-ethyl hexyl hydrogen 
2-ethyl hexyl phosphonate, HEH(EHP) have been described previously‘!?) as has the purification 
of bis[para(1,1,3,3 tetramethyl butyl) phenyl]phosphoric acid, i.e. di(octyl phenyl) phosphoric 
acid, HDO®P, and bis(2-ethyl hexyl)phosphoric acid, i.e. di octyl phosphoric acid, HDEHP.©) 
Toluene was employed as diluent throughout this study. 


Determination of distribution ratios 


The distribution ratio, K, of a specific element was determined, in a general way, as described 
in previous studies. !!.!3) All solvent and aqueous phases were preequilibrated before use, and 


all data were obtained by use of reverse extractions followed by confirmatory direct extractions, 
i.e. the nuclide was extracted into the organic phase, this pregnant organic phase contacted with 
a barren aqueous phase to yield “reverse extraction” data and the new pregnant aqueous phase 
contacted with barren organic phase to yield “direct extraction” data. (Contact times were 3 min). 
This procedure was considered necessary in order to minimize hydrolysis and polymerization 
effects. Suitable aliquots were then evaperated on platinum disks for radiometric assay. 

In each experiment involving an aqueous phase with salt content, a 1-0 ml portion of the sepa- 
rated aqueous phase, following partition of the metal tracer, was contacted with a 1-0 ml portion 
of “2 per cent octyl pyrophosphate”, previously pre-equilibrated with respect to a barren aqueous 
phase of otherwise identical composition. The “2 per cent octyl pyrophosphate” was prepared by 
dilution of 2 ml of iso-octyl pyrophosphate to 100 ml with toluene. This “2 per cent octyl pyro- 
phosphate “extracts each of the trivalent lanthanides and actinides from each of the salt phases 
investigated with K values in excess of 103. Consequently, the analysis of an aliquot of this “2 per 
cent octyl pyrophosphate” extract is equivalent to the analysis of an identical aliquot of the equi- 
librated aqueous phase. 

In all such studies the supporting cation was Na~. 

In the solvent and acid dependency studies, 8-active '47Pm and «-active 744Cm were present 
in the same solutions. Aluminium absorbers served to screen out the «- activity, so that the 8- count- 
ing rate due to '47Pm could be determined, a small correction for the pseudo-8- count contributed 
by the Cm being made. No interference in «- assay was occasioned by the presence of the !47Pm. 
In the corresponding Cf studies (the Cf being a mixture of isotopes) no other nuclide was added, 
and the K was calculated both with respect to fission counting rate and a- counting rate. The K 
values so determined were in essential agreement. 


(3) D, F. Pepparp, G. W. Mason and S. McCarty, J. Jnorg. Nucl. Chem. 13, 136 (1960). 
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In determining the separation factor, 8, i.e. the ratio of Kcr to Kem, Cf and Cm were present 
in the same solutions, their ratio by activity being such that the correction for the x-counting rate 
due to Cf was small compared with the «-counting rate due to Cm. 

In all work involving Cf, glass was avoided throughout the experiment, polyethylene tubes 
and transfer equipment being used as previously described.) 


RESULTS AND CONCLUSIONS 


Acid dependencies 


The K values for the extraction of Pm and Cm into a toluene solution of HEH(®P) 
are seen to be inversely third-power dependent upon the hydrogen ion concentra- 
tion in the equilibrated aqueous phase in u = 1-0 solutions where the anion is ex- 
clusively ClO; or NO; (Fig. 1) or Cl~ (Figs. 2 and 3). This inverse third-power 
acid dependency is also shown in the extraction of Pm and Cm from u = 1-0 chloride 
solutions by HEH(CIMP) and HEH(EHP) (Figs. 2 and 3) and in the extraction of Cf 
from u = 1-0 chloride solutions into HEH(®P) (Fig. 7). 

The acid dependencies in the extraction of Cf and Cm from u = 0-25 chloride 
solutions into HDEHP are also seen to be inversely third power (Fig. 7). (The K 
values for Cf and Cm in a(HDEHP + TEHP) vs. HCI system, TEHP = (EHO), PO, 


have been reported previously.“'” 


Solvent dependencies 


The K values for the extraction of Pm and Cm into HEH(®P) from 0-125 F HCIO, 
(Fig. 4), 0-125 F HNO, (Fig. 4) and 0-125 F HCl (Figs. 5 and 6) are third power 
dependent upon the formality of the extractant in the organic phase. Likewise the 
K values for the Pm and Cm extractions from 0-25 F HCI into HEH(CIMP) (Figs. 
5 and 6) and from 0-03! F HCI into HEH(EHP) (Figs. 5 and 6) are third—power 
solvent dependent. 

This third—-power solvent dependency is also displayed in the extraction of Cf 
from 0:25 F HCl into HEH(®P) (Fig. 8) and in the extraction of Cf and Cm from 
0-10 F HCI into HDEHP (Fig. 8). 


Anion effects 


From internal comparison of Figs. 1, 2 and 3 and of Figs. 4, 5 and 6 it is seen 
that the K for Pm (or for Cm) into HEH(@®P) of a fixed concentration from an 
aqueous phase of fixed u and [H |] decreases in the order ClO, , Cl-, NO;. This 
finding implies complexing of Pm and Cm in the aqueous phase, with the NO, 
complexing being somewhat more noticeable than the Cl” complexing. This compar- 
ison is more readily made in terms of K,(see Discussion), the ratio of K,(,-)/Kycio, ) 


being recorded in Table |. These ratios are consistent with values approximating 
unity for the first complexity constant of Pm(and Cm) with Cl” (and NO; ) in the 
aqueous phase, u = 1-0, but are not to be construed as proving such values or even 
as proving the existence of the postulated complexes. It is evident that before such 
conclusions may be drawn, the u effect must be studied quite carefully, so that the 
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+NaClO,, (B) HNO; + NaNO3. u = 1-0. (C) HEH(EHP). Toluene diluent. 
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Fic. 3.-- Hydrogen ion dependency of the 
extraction of Cm from HCI :- NaCl, 
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region in which activity coefficients may be assumed essentially fixed as ClO, is 
replaced by Cl” (or NO; ) may be established. 
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Fic. 8.—Solvent dependency of the extraction from HCl of: (A) Cf into HEH(®P), (B) Cm and 
Cf into HDEHP. Toluene diluent. 
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TABLE 1.—EFFECT OF ANIONS UPON THE EXTRACTION OF Pm AND Cm 


INTO HEH(@®P). TOLUENE DILUENT 





Ks x—)/Ks(cioj 
M(III) Ss Saaciiasuciaions 
From graphs’ Rounded 








0-78 0:8 
0-66 0:7 
0:72 0:7 
0-68 0-7 
0-52 0:5 
0:36 0-4 
0:49 0:5 
0:37 0:4 





u-Effects 

In Table 2 the u-effect, in perchlorate solutions, upon the extraction of Pm 
and Cm into HEH(®P) is presented. The effect is quite large, the K, for each element 
being lowered by a factor of approximately 2:5 by increasing u from 0-125 to 
1-0 in the HCIO, + NaClO, aqueous phase. 
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Whether this depressant effect as u is increased is due entirely to changes in 
activity coefficients of simple species or partially to activity coefficient changes and 
partially to the formation of M(CIO,);°-” complexes remains undetermined. In 
either case, it appears certain that a general u-effect for HCl + NaCl and for HNO, 
+- NaNO, systems, independent of definite complexing action, is to be expected; 


TABLE 2.—Errect oF u (CIO, ) UPON THE EXTRACTION OF 
‘ 4 


Pm AND Cm into HEH(®P). TOLUENE DILUENT 





LL 


(ClO; 


| K, | 


Pm Cm 


0-125 33 084 | 39 
10 13 033 | 39 





and whether this general u-effect for Cl” and NO; systems may be cancelled by 
normalization with a u-effect for ClO, is, at present, to be questioned. 


Z-Effects 

In Fig. 9, a plot of log K vs. Z of the trivalent lanthanides is represented acceptably 
well by a straight line of slope 0-44, i. e. a value of 2-8 for the ratio of K values for 
adjacent lanthanides; the system being 1-0 F HEH(®P) in toluene vs. 2-0 F HCl. 
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Fic. 9.—Variation of log K with Z (lanthanides) in the 1:0 F HEH(®P) (toluene) vs. 2-0 F HCl 
system. Placement of Y and Am included. 
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This system is preferable to the HDEHP vs. HCI system previously reported 


for the fractionation of lanthanides(III), since the factor of 2-8 is somewhat superior 
to the factor of 2-5.2) But the more important factor to be considered is that the K, 
value for a given lanthanide(III), from a given aqueous chloride phase, in the HEH 
(@P) system exceeds that in the HDEHP system by a factor greater than 100. 
Consequently, a choice between these two extractants may now be made, dependent 
upon whether the high-Z or low-Z lanthanides are to be fractionated. 


Dependence of K, values upon G of (G'O)(G)PO(OH) 
In Fig. 10, the K, values for both Pm and Cm are seen to increase by a factor of 
approximately 10* followed by a second factor of approximately 10* as G is varied 
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HEH(CIMP)__! 


HEH($¢P) 
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Pm Cm 
Element 


Fic. 10.—Comparison of K, values of Pm and Cm from HCIO4g + NaClOg4 (yu = 1:0) into-selected 
(G’O)(G)PO(OH) and (GO),PO(OH) extractants in toluene. 


from EH(2-ethyl hexyl) to ® (phenyl) to CIM (chloro methyl), G’being kept as EH. 


Dependence of K, values upon G of (GO),PO(OH) 

As noted in a previous study of Ac, La, Y and Sc the K, value for a given 
element is higher in HDO®P than in HDEHP. For both Pm and Cm the K, values 
are approximately 10° higher for G = p(I, 1, 3, 3-tetramethyl butyl)phenyl than 
for G = 2-ethylhexyl, as shown in Fig. 10. 


Comparative K, values for analogous phosphates and phosphonates 

The K, value for Pm in HDEHP, i. e. (EHO),PO(OH), is approximately fifty-five 
times larger than in HEH(EHP), i. e. (EHO)(EH) PO(OH).The factor for Cm in 
the corresponding systems is approximately 100. Whether this depressant effect linked 
with the removal of an oxygen from the G-O-P portion of the extractant is common 
to all G (for a given set of M** extracted) and/or common to all M** extracted 
(for a given G) remains to be studied. 
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Variation in 8B, i. e. Kpm/Kem 

It is apparent from Fig. 10 that the value of 8, Kp,,/Kcm, in a perchlorate system 
of u = 1-0, is dependent upon the extractant employed; but no generalization may 
be inferred with safety. For example, the highest 8 is associated with the lowest 
K, and the lowest 8 with the second to highest K,; but the second highest § is asso- 
ciated with the median K,. 

Both the highest and lowest 8 values are found in phosphonate systems, as 
opposed to phosphate systems. However, within each of these systems, the phos- 
phonate and the phosphate, separately, it may be noted that these 3 values increase 
as the K, values decrease. 

Whether this is a generalization applicable to extractants not included in this 
study is to be questioned. Probably a more significant point to be noted from Fig. 
10 is that the 8 for HEH(EHP) is nearly double that for HDEHP, that is, in the 
only case involving direct phosphonate-phosphate analogues, the phosphonate 
displays the higher 8. 

The 8 values for HDO®P, HEH(CIMP), HEH(®P), HDEHP and HEH(EHP) 
are, respectively, 1-9, 1-5, 3-9, 2-4 and 4-4. 


Mutual separability of Cf and Cm 


The mutual separation of Cf and Cm by use of a HDEHP vs. HCI system has 
been described by PepparD ef ai.‘'') In that system it was found necessary to include 
an antisynergist, TEHP, i. e. tris(2-ethyl hexyl) phosphate, in the system to inactivate 
any H,MEHP, i. e. mono (2-ethyl hexyl) phosphoric acid, found; since the H,MEHP 
materially decreased the 2 for the Cf-Cm separation. In the system 0-75 F HDEHP+ 
0-22 F TEHP (in toluene) vs. 0-25 F HCl, the K values reported for Cf and Cm 
were, respectively, 4-0 and 0-085, i. e. a 8 of forty-seven. 

Since the solvent and acid dependency data were not given in that report, they 
are included in Figs. 7 and 8. In a 0-15 F HDEHP (toluene) vs. (HCI + NaCl, 
uz = 0-25) system, the 8 for the Cf-Cm pair is read as fifty from the curves of Fig. 7. 
The value obtained in an experiment involving Cf and Cm present simultaneously, 
using 0-15 F HDEHP vs. 0-25 F HCl, was fifty-two. 

Since the K, for Cm, from HClO, + NaClO,, u = 1-0, is approximately 100 
times higher for HEH(®P) than for HDEHP (Fig. 10), it is evident that for separation 
purposes HEH(®P) would be a more desirable extractant than HDEHP in systems 
involving relatively high concentrations of acid, provided that the 8 remained as 
favourable. This extractant has the further advantage that the first hydrolysis product 
is phenyl phosphonic acid, ®PO(OH),, which is readily extracted into an aqueous 
phase and therefore does not affect 8. (By contrast the first hydrolysis product 
of HDEHP is H2MEHP which seriously impairs 8. The latter is also seriously 
impaired by (EH)PO(OH),, the hydrolysis product of HEH(EHP).) 

Consequently, the HEH(®P) in toluene vs. (HCl + NaCl) system was investiga- 
ted with the purpose of possible application to the Cf—-Cm separation. From Figs. 3 
and 7, the respective K, values in the HEH(®P) in toluene vs. the (HCI + NaCl), 
u = 1-0, system for Cf and Cm are calculated to be 17-4 and 0-165 (8 = 105). In 
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analogous experiments involving the simultaneous presence of these elements, 
ranged from 100 to 120. 

Due to the difficulties inherent in analyses involving low counting rates (since 
only a small quantity of Cf is available for study) and to the time and care required 
for recovery of this element, the extension of this study to other phosphonates has 
only begun. 


DISCUSSION 


The half esters, (G’O)(G)PO(OH),"” of the phosphonic acid, GPO(OH),, as 
well as the analogous di-esters, (G’O),PO(OH)® '*'» of orthophosphoric acid, 
PO(OH),, have been shown to be dimeric. Consequently, each of these classes 
should properly be represented by a doubled formula. The first ionization of the 
phosphonate might then be represented as: 


{{(G’O)(G)PO,],H,} = H* + {{(G'O)(G)PO,},H}- 


in which the unionized dimer is considered to form an eight-membered ring“* '* 


(Fig. 11), analogous to that of the carboxylic acids. In the following discussion 
(HY), is used to represent this dimer. 





Trans 
(dl) 


M 
(GO) Yb 


* Symmetry considerations unoltered by substitution of (OG) 
i 
or G’ for G or conversely of (OG) or G’ for (OG). 


Fic. 11.—Possible isomerism of {(G’O)(G)PO(OH)} > and related molecules. 
The pertinent equilibria involved in the extraction of a cation M°* from an 
aqueous phase into an opposing organic phase containing (HY), are then postu- 


lated as being analogous to those previously postulated for extraction by di-esters 
of orthophosphoric acid. The over-all expression is thus: 


Mj’ + (HY), + M(HY,),, + bHx (1) 


(4) PD. F. Pepparp, J. R. FERRARO and G. W. Mason, J. Inorg. Nucl. Chem. 4, 371 (1957). 
(5) TD. F. Pepparp, J. R. FERRARO and G. W. Mason, J. Inorg. Nucl. Chem. 7, 231 (1958). 
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where the subscripts A and O refer respectively to the equilibrated aqueous and 


organic phases. 
Consequently, the corresponding mass law, in terms of concentrations rather 


than activities, is: 


[M(HY,),]o/[M?'], = Kel(HY) KH TA (2) 


If M°* is the only M-containing species to be considered in the equilibrated aqueous 
phase and M(HY,), is the only M-containing species to be considered in the opposing 
organic phase, then the ratio, [M(HY>),]o/[M°’*],, may be replaced in expression 
(2) by the distribution ratio, K, to yield, for M?*: 


K = K,{(HY),K/{H* hh (3) 


By substitution of K,F for K,{(HY),], where F is the number of formula weights 
of the extractant per litre of organic phase, and rearranging, expression (3) is trans- 
formed into: 


K, = K[H*}/Fe (4) 


From expression (3) it is to be expected that the K values for the trivalent elements 
Pm(III), Cm(IIT) and Cf(III) should be directly third-power dependent upon the 
concentration of extractant in the equilibrated organic phase and inversely third- 
power dependent upon the concentration of hydrogen ion in the opposing aqueous 
phase. By reference to Figs. 1-8 it is seen that these expected dependencies are 
realized experimentally for all of the systems investigated. 

The studies summarized in these Figs. were restricted to constant u aqueous 
phases, so that the pertinent activity coefficients might be treated as invariant with 
some confidence. The need for maintaining constant u in determining acid dependen- 
cies may be realized by referring to the effect of u on K,, calculated by use of expres- 
sion (4), Table 2, for both Pm and Cm. Whether this effect is an inverse one in all 
such systems and for K values for all metals, i. e. an increase in uw resulting in a de- 
crease in K,, is not known. It should be noted that the sign of this effect is con- 
sistent with the postulate of complexing of M*? by perchlorate ion; but in the ab- 
sence of other evidence, such a postulate must be considered highly speculative. 

Nevertheless, if such complexing does occur, then it must be realized that the 
measured complexity constant for the reaction: 


M?? + X- = MXt@-) (5) 


where X~ may be Cl~, NOJ, etc. is really an expression of the difference in the 
degree of complexing of M’* by ClO; and by X~. Further, even if the ClO; 
does not complex the M’*, determination of the complexity constant of expression 
(5) by a liquid-liquid extraction technique assumes that the effect of u, as distinct 
from a complexing effect of X~, is equivalent to that of ClO; of equal stoicheio- 
metric concentration. 
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On the assumptions of no complexing of M’* by ClO; and of equal X~ and 
ClO, yu effects, expressions (1), (5) and others involving further complexes may 
be combined to yield: 


K = K,{{(HY), BH‘ 13} (1 + Yeon} m 


From expression (6), it may be shown that for a system of fixed u (Na* and Ht 
as cations), fixed [H*] and fixed [(HY),], K for a tracer-level M’* ion in a 
system involving [X_] is related to K in a system containing ClO; exclusively, 
by the relation: 


Keiog = Kix-1 (1 bs ki[X (7) 
i=l 

Expression (7), or its equivalent, has been used in the determination of complexity 

constants of several thorium complexes, including the chloride and nitrate complex- 

5 (16 18) 

WarD and Wetcu'"”) studied the chloride complexes of Pu(III), Am(III) and 
Cm(II1). Their results, (reported as dissociation constants) in terms of association 
constants, on the assumption of only one complex species, MCI**, are for these 
three elements respectively 2-3, 2:3 and 2:6 at u = approx. 9-2; 1-7, 1-5 and 1-5 at 
u = 0-5; and 0-9 for Pu at p = 1-0. 

On the assumption of only one MCI** complex, the data of Table 1 may be 
used in conjunction with expression (7) to calculate K, values for the CmCI** complex, 
the approximate results at 1 = 0-125 and uw = 1-0 being 2:3 and 1-0 respectively. 
These results are concordant with those of WaRD and WeLcu®”, but the present 
data are considered significant only in a qualitative way. It is to be noted, from 
Table 1, if only one complex, MX?*, is assumed, that the M(NO,)** complex is 
more stable than the MCI** complex, and further that there is little difference in 
stabilities between corresponding Pm and Cm complexes, using Cl” and NO; as 
co-ordinating groups. (CARNALL and Fie_ps®, in their study of curium (IIT) complex- 
es by absorption spectrometry, report a greater perturbing effect on the curium 
spectrum by NO; than by Cl~.) This study of complexity constants is being ex- 
tended, in conjunction with a general study of the u-effects in these extractions. 

It may be noted, from Fig. 11, that the dimeric half-ester phosphonates, (G’O) 
(G)PO(OH) may theoretically exist in both cis and trans forms regardless of whether 
G and G’ are identical or different. (This cis-trans isomerism possibility exists, also, 
for the dimeric mixed acid phosphates (G’O)(GO)PO(OH), and mixed phosphinic 
acids, (G’)(G)PO(OH), where G’ and G are necessarily different.) From Fig. 11, it 


e 


(16) R.A. Day, Jr. and R. W. StouGHTON, J. Amer. Chem. Soc. 72, 5662 (1950). 

a7) EB. L. Zesroski, H.W. ALTER and F.K. HEUMANN, J. Amer. Chem. Soc. 73, 5646 (1951). 
(18) W.C. WaGGENER and R. W. STOUGHTON, J. Phys. Chem. 56, 1 (1952). 

(19) M. Warp and G. A. Wetcn, J. Inorg. Nucl. Chem. 2, 395 (1956). 

(20) W.T. CaRNALL and P.R. Fietps, J. Amer. Chem. Soc. 81, 4445 (1959). 
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is evident, also that, neither the cis nor trans dimeric acid possesses d-/ possibilities. 
However, the trans form having one proton replaced by a metal atom does have 
d-! possibilities. 

Whether a given dimeric acid of one of these types exists in cis configuration 
exclusively, trans configuration exclusively, or in both configurations poses an 
interesting problem that is now under study. Possible applications to optical activity 
investigations are being sought. 

It should be noted, further, that the 2-ethyl hexyl group, used exclusively as 
G' in the phosphonates and as G in one phosphonate and in one phosphate 
employed in the present study, exhibits d—/ isomerism. Consequently, the HEH(EHP) 
and HDEHP extractants may each exist, theoretically, in dd, // and d/ modifications 
(with respect to the EH group). Presumably, the dd and // modifications would be 
equivalent to each other, but the d/ form might differ markedly from the others in 
physical and extractive properties. Consequently, this study is being extended to 
include extractants in which G does not possess d-/ possibilities as well as those 
in which G is used in a resolved, d or /, form. 





THE EXTRACTION OF URANIUM(IV) 
FROM NITRIC ACID BY TRI-n-OCTYLAMINE* 


A. S. WILSON and W E: KEDER 
Hanford Laboratories Operation, General Electric Company, Richland, Washington 


(Received 22 December 1959; in revised form 26 April 1960) 


Abstract—The extraction of uranium (IV) from nitric acid solutions by tri-n-octylamine has been 
studied by a spectrophotometric technique. The data are consistent with the extraction of the 
hexanitrato anion, as was the case with tetravalent thorium, neptunium, and plutonium pre- 
viously studied. 


EXTRACTION data for several actinide ions from nitric acid into xylene solutions 
of tri-n-octylamine have recently been reported."!’ In that work, a single observation 
was made on the extraction of uranium(I[V). The present paper contains further work 
on the extraction of uranium(IV). The measurements reported here were made 
spectrophotometrically. 

The detailed spectrum of uranium(IV) in tri-n-octylamine solution has been shown 
in another communication,'2) and it was concluded that the extracted uranium(IV) 
species was U(NO,)z~. The present distribution ratio data are in agreement with 
the extracted ionic species which was identified spectrally. 


EXPERIMENTAL 


Preparation of solutions 

A stock solution about one molar in uranium(IV) was prepared by dissolution of UO; in four 
molar perchloric acid and reduction with zinc amalgam at ice temperature. Nitric acid solutions 
were prepared from freshly boiled, concentrated nitric acid; each solution was made 0-02 molar 
in sulphamic acid to prevent the build-up of nitrite. Uranium(IV) solutions were prepared at each 
nitric acid concentration by dilution of the stock solution, which was ca. 1 M U(IV), 0-1 M HClO, 
and ca. 1 M Zn(II). All solutions used for extraction experiments were 0-015 molar in uranium(IV). 

Tri-n-octylamine (TOA) solutions were prepared from the same amine used previously" and 
Baker and Adamson’s reagent grade xylene. Each amine solution was first contacted with an 
equal volume of twelve molar nitric acid. This contacting was followed by three contactings with 
one volume each of the nitric acid concentration to be used in the uranium extraction experiment. 
In this way the yellow to red colour which appears in the amine solutions on contacting with nitric 
acid was reduced appreciably. 


Measurement of spectra 

Spectra of all solutions were measured from 400-1300 mu in one centimetre silica cells with 
a Cary Model 14 Spectrophotometer, using the IR source over the entire range. Water (25+ 1°C) 
from a thermostat was circulated through the cell compartment jacket; however, the temperature 
of the cell holder itself was not directly controlled. Reference aqueous solutions were all at the same 


* This work was performed under Contract No. AT(45-1)-1350 for the U.S. Atomic Energy 


Commission. 
“) W.E. Keper, J.C. SHepparp and A.S. Witson, J. Jnorg. Nucl. Chem. 12, 327 (1960). 


(2) W.E. Keper, J.L. Ryan and A.S. Witson, J. Inorg. Nucl. Chem. To be published. 
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acid concentration as the aqueous samples. In the case of the reference organic solutions, a solution 
of the proper amine concentration was contacted just previous to use with an acid solution of the 
same concentration as was used in the extraction experiment. 


Measurement of distribution ratios 

The spectrum of each uranium(IV) solution was measured just before extraction. The uranium 
solution was contacted with an equal volume of amine solution at room temperature by stirring 
for 5 min. The phases were separated by centrifugation, and the spectrum of each phase was obtained 
using the proper reference solution. Establishment of equilibrium by this procedure was proved 
by reverse extraction of a few of the samples. 

The distribution ratio, D, was calculated by dividing the difference in absorbance of the aqueous 
phase at the 1078 mu absorption peak before and after extraction by the absorbance after extraction. 
For the experiments in Table 2, D was also calculated from the absorbances of the organic solutions. 
The absorbance of the uranium(IV) in each organic solution at the 1010 mu peak was divided by 
the difference between the uranium(1V) absorbances in the twenty-five volume per cent TOA so- 
lution and in the TOA solution of interest. Each spectrogram was inspected for uranium(VI) ab- 
sorption peaks, and no absorption peaks due to uranium(VI) were detected. Thus, the uranium(VI) 
concentration was below about 0-0007 M in all cases. All solutions were found to be stable to ox- 
idation for at least several hours. 


RESULTS AND DISCUSSION 


Over the range of nitric acid concentration covered in this work, several spectrally 
different uranium(IV) species appear in aqueous solution. Consequently, the molar 
absorptivities change considerably with nitrate ion concentration, and the wavelengths 
of the principle absorption maxima also vary. At a constant four molar nitric acid 
concentration, Beer’s law was found to hold at the uranium concentrations used 
here, as is shown by the absorbances listed in Table | for two major absorption 
peaks. In Table 1, a relative concentration of unity corresponds to about 0-015 molar 
uranium(IV). 


TABLE 1.—URANIUM(IV) ABSORBANCES IN FOUR MOLAR NITRIC ACID 





Absorbance/relative concentration 
648 mu 1078 mu 


, | 
Relative 
concentration | 


0:20 | 0-506 0-830 
0-50 0-510 0-826 
0:80 0-496 0-815 
1-00 0-490 | 0-814 





The spectra obtained for TOA solutions extracted from one to twelve molar 
nitric acid aqueous solutions are virtually identical. It is concluded that a single 
complex ion species extracts into TOA from these nitric acid concentrations. With 
the exception of the solution extracted from one molar nitric acid, the 1010 mu. molar 
absorptivities in the amine solutions were found to be equal. 

Distribution ratios obtained for uranium (IV) as a function of nitric acid concentra- 
tion are shown in Table 2 and Fig. |. The results are compared with those previously 
obtained for tetravalent thorium,!3) neptunium and plutonium."') D values for 


‘) D. J. Carswect and J. J. Lawrence, J. Inorg. Nucl. Chem. 11, 69 (1959). 





Extraction of uranium(1V) from nitric acid 


TABLE 2.—EXTRACTION OF URANIUM(IV) INTO TEN VOLUME PER CENT 
TOA IN XYLENE 





| Absorbances of aqueous phase at 
Aqueous | 1078 my peak 
HNO, (M) cr ; : 


Distribution 


| 
| 
| 
Sap 


Before extraction After extraction 





| 


1-0 | 0-316 
20 | 0-127 
40 0-045 
5-0 0-034 
60 0-032 
7-0 0-027 
8-0 0-028 
10-0 0-037 
12-0 | 0-093 








uranium(IV) are about a factor of ten greater than those previously found for 
uranium(V]).")) 

Results of extraction experiments in which uranium(IV) was extracted from four 
molar nitric acid into varying amine percentages in xylene are shown in Table 3 
and Fig. 2. The equilibrium TOA concentration in Fig. 2 is defined as the TOA not 
associated with uranium and is calculated by subtracting twice the organic uranium 
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Fic. 1.—The extraction of the tetravalent Fic. 2.—The extraction of uranium(IV) from 
actinide nitrates by 10 v/o TOA in xylene. 4 M nitric acid. 
o calculated from aqueous phase absorbances. 
A calculated from organic phase absorbances. 
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TABLE 3.—EXTRACTION OF URANIUM(IV) FROM FOUR MOLAR NITRIC ACID 





Volume Absorbance of aqueous 
phase at 1078 mu Absorbance of organic 


per cent TOA 
phase at 1010 mu 


in xylene Before ext. After ext. 


0-50 0-617 0-578 0-012 
1-00 0-617 0-536 0-152t 
4-0 0-617 0-213 0-170 

5-0 0-617 0-164 0-188 

8-0 0-616 0-058 0-236 

10-0 0-617 0-045 0-248 
25-0 0-615 0-033? | 0-260 


i 








* Calculated from absorbances of TOA solutions at 1010 my. peak. 

t Absorbance in $ cm cell. 
concentration from the total amine concentration. The slope of log D vs. log (equi- 
librium TOA concentration) is very nearly two. This dependence indicates that two 
tri-n-octylammonium ions are associated with each extracted uranium(IV) ion. If 
this is the case, the extracted complex ion must be the hexanitratouranium(IV) 
anion. Previously, the same behaviour was observed for tetravalent thorium, neptun- 
ium, and plutonium.'!) 

In another study it was found that the spectrum of bis-tetraethylammonium hexa- 
nitratouranium(IV) dissolved in acetone is nearly identical to the spectrum of 
uranium(IV) extracted into tri-n-octylamine solutions from four molar nitric acid.‘2’ 


This identity has been considered substantial proof of the existence of the hexanitrato 
ion in the amine solutions. In the present work, the same spectral species was 
extracted from all nitric acid concentrations studies (one to twelve molar). The 
species observed spectrally supports that suggested by extraction behaviour. 


Acknowledgement —The authors are indebted to Mrs. L. P. Power for her able laboratory assistance. 





ACTINIDE AND LANTHANIDE ION 
EXCHANGE SEPARATION STUDIES—II 


SEPARATIONS BY AMINOPOLYACETIC ACIDS 


J. FuGeR* 
Laboratory of Analytical Chemistry, University of Liege (Belgium) 


(Received 2 May 1960) 


Abstract -The dissociation constant of the 1:1 complex BkY formed by trivalent berkelium 
ion with ethylenediaminetetra-acetic acid (EDTA) has been calculated from equilibrium distribu- 
tion measurements of berkelium between a solution of EDTA and the resin Dowex 50-X12. It 
is found to be 10- !888+%2. Column separations have shown that EDTA is an interesting eluting 
agent both for the separation of trivalent actinide elements from each other and for the purification 
of the heaviest transplutonium elements from lanthanide fission product elements. In the latter case 
the actinides with Z > 98 are eluted ahead of all the rare earth fission products. Reproducibility 
is improved by buffering the solutions with glycine. Preliminary results with hydroxyethylethylene- 
diaminetriacetic acid (HEDTA) have shown that this cluting agent gives a greater separation of 
the trivalent actinides from the lanthanide fission products. 


IN a previous paper,"!’) the pH-dependence of the distribution coefficients (K,) of 
trivalent americium, curium and californium ions was reported for the cation 
exchange resin Dowex 50-X12 in the ammonium form in che presence of 10-3 M 
EDTA. These distribution coefficients were obtained from static equilibrations 
which showed that under the prevailing conditions only 1:1 complexes were formed. 
Writing EDTA as Hy,Y, the dissociation constant K, is represented by the expression 
[Me?*][Y4"] 
‘ [MeY -] 

Compaiing the distribution coefficients of the actinide ions in the presence and 
in the absence of EDTA (K, and K@ respectively) and keeping all the other experimen- 
tal conditions constant (u = 0-1, NH,ClO,, t = 25°C) we were able to calculate 
the dissociation constant K, of the complex ions. The calculations were based on 
the acidic dissociation constants for EDTA reported by CABELL.'2) We obtained the 
following values for the dissociation constants of the complexes: 

CfY — pK, = 19-:09+0-2 
CmY ~ pK, = 1845401 
AmY ~ pK, = 18-16+0.1 


* Chercheur 4 |'Institut interuniwersitaire des Sciences Nucléaires. This work was performed at 
the Centre d'Etudes de l’Energie Nucléaire, Mol. Belgium. 
{) J. FuGer, J. Inorg. Nucl. Chem. 5, 332 (1958). 
') M.J. Capect, AERE C/R 813 (1951); Analyst. 77, 859 (1952). 
‘3) J. M. HOLLANDER, I. PERLMAN and G. T. SeaBorG, Rev. Mod. Phys. 30, 585 (1955). 
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EXPERIMENTAL RESULTS 


Similar measurements have been made with Bk**, using the tracer ***Bk (Ty :314 days) which 


emits (99+ per cent) soft $-rays(90 keV)'3’ which were counted with a windowless proportional 
flow-counter (Nuclear Corporation Model D 47) with a mixture of 90 per cent argon and 10 per 
cent methane. The results are given in Table 1. 


TABLE |.— DISTRIBUTION COEFFICIENTS OF BERKELIUM 





Solution: EDTA 10-°M, NH,*;0-1 M; 25°C; Bk**+;36-6+1 cpm/100A 


Resin weight | pH at equilibrium , Solution | K9 x @-° | 
g+100ug +0-01 volume (ml) | (extrapolated) | 


0:0193 2 1:8 1:97 
0-0386 . 2-0 2:27 
0-0289 ° 2:0 2°38 
0-0457 : , 2-0 2°53 
Av:18-88+0-2 





The most important error in these determinations comes from the fact that the distribution 
coefficients of trivalent actinides in the absence of EDTA (K9) are very high, as we have shown 
previously with Am*+ and Cm** ions. Therefore, such measurements require larger amounts of 


berkelium than those which were available to us. We were thus obliged to extrapolate the K9 val- 
ues from the measurements obtained for Am**+ and Cm** ions. 
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PH. 
Fic. 1.—Distribution coefficients of trivalent actinides as a function of pH. 
Dowex 50-X12-RNH, 
Solution: 10-3M EDTA, NH,C1lO, 0-1 M. 
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Fig. | shows the plot of the different K, determinations as a function of pH. The separation 
factors calculated from these Kg values relative to curium compare favourably (Table 2) with those 
obtained by the column method with «-hydroxyisobutyric acid"). 


TABLE 2.-- COMPARISON OF SEPARATION FACTORS 





EDTA, 
from static equilibrations at 25°C 
(this paper) 


a-hydroxyisobutyric acid‘? 
from column separations at 87°C 


2-04 + 0:05 1-4 
l 

0-35 + 0-05 

0:18 + 0-01 








Column separation experiments 

From the above measurements, EDTA seemed to be a promising eluting agent for the actin- 
ides. In our separation experiments, columns of the type described by SEABORG and coworkers‘) 
were used at 80°C (boiling benzene). The experiments with EDTA were performed with solutions 
of the same composition as those used for the static equilibrations. The pH was adjusted at room 
temperature prior to heating the solution to 80°C. Fig. 2 shows the separation californium (252Cf)- 
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Drop number 


Fic. 2.—Separation of actinides with EDTA at pH 2:35 
Dowex 50-X12-RNH,:Settling rate in water :0-75-1:25 cm/min. 


EDTA: 10-3M} 


\ : at 25°C 
NH; -10-1M | pH2°35 at 25°C 


t: 86°C 

Column height: 5 cm; diameter: 2 mm 

Drop volume: 28, free column volume ~ 2 drops 
Elution rate: | drop per 4 min 30 sec. 


‘) G. R. CHoppin, B. G. Harvey and S. G. THompson, J. Jnorg. Nucl. Chem. 2, 266 (1956). 
G. R. Cuoppin and R. J. Sitva, UCRL 3265; J. Inorg. Nucl. Chem. 3, 153 (1956). 

‘) § G. THompson, B. G. Harvey, G.R. CHoppin and G. T. SEABorG, J. Amer. Chem. Soc. 
76, 6229 (1958). 
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berkelium (74°Bk)-curium (744Cm)-americium (74'Am), which was found to be satisfactory. The 
K, values deduced from column experiments differ of course from those found from static experim- 
ents, because of the difference in temperature. On the other hand, as shown in Fig. 1, reproduci- 
bility of the eluting positions is only attainable by a careful control of pH. The purity of the separated 
isotopes was checked using an RCL 256 channel spectrometer (model 20611) with a Tracerlab 
Frisch grid «-chamber RLD 1. 


DISCUSSION 


By comparing the dissociation constants of the lanthanide complexes, measured 
by SCHWARZENBACH and coworkers” with those of the actinide complexes we see 
that it should be possible to elute the heaviest actinide elements ahead of all the 
rare earth fission products*. 

Since the ionic radii of the actinides are somewhat greater than those of the 
homologous lanthanides, the K? values of the actinides are also somewhat greater, 


and this tends to reduce the shift of the actinides towards the lanthanides during 
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Drop.number 


.—Separation of actinides from lanthamides at pH 2°6 
Dowex 50-X12,RNHg,: Settling rate in water:0-75—1-25 cm/min 


EDTA: 10—-3M} 


-7.60.-?- at 25°C 
NH} :10-'M { pH:2-60 2°65 at 25 3 


t: 80°C 

Column height: 5 cm; diameter: 2 mm 

Drop volume: 27 4, free column volume ~ 2 drops 
Elution rate:1 drop/3 min. 


* It should be noted however that dissociation constants of lanthanide complexes were calcul- 
ated from the acid dissociation constants of EDTA measured by SCHWARZENBACH”), while our 
actinide figures are based on Capett’s'?) EDTA values. This leads to an appreciable discrepancy, 
as the constants calculated from CaABELL’s values are 0-4 pK, unit higher. Moreover, the lanthanide 
dissociation constants were determined under slightly different conditions from our actinide deter- 
minations (20°C instead of 25°C, 1 = 0-1 with KNO; or KCl in place of NH4ClO4). This may be 
the best explanation of the additional discrepancy of 0-6 pK, unit between lanthanides and actin- 
ides deduced from column separation of their mixtures. 

(6) G. SCHWARZENBACH, R. Gut and G. ANDEREGG, Helv. Chim. Acta 37, 937 (1954). 
(7) G. SCHWARZENBACH and H. ACKERMANN, Helv. Chim. Acta 30, 1798 (1947). 
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elution, but this counteracting effect is weak. Fig 3 shows the separation californium- 
yttrium ('Y tracer)-europium ('? ‘Eu, <1 ug Eu,O,) curium-americium- 
promethium ('47Pm tracer) at pH 2:60-2:65. In this experiment californium and 
yttrium are eluted almost simultaneously with the front of the eluting agent. By 
reducting the pH to 2-2, an appreciable separation of these elements is observed. 
(Fig. 4). 

The results obtained above show that EDTA is a useful complexing agent for 
the separation of actinide elements from each other and for the purification of the 
heaviest transplutonium elements from the lanthanide fission products. 
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Drop rumber 
Fic. 4.—Separation of Y and Cf and at pH 2:2 
Dowex 50-X12,RNH4 — Settling rate in water: 0:75-1:25 cm/min. 
EDTA 10~-3M} ee 
t: 80°C 
Column height: 5 cm; diameter: 2 mm 
Drop volume:28 4; free column volume ~2 drops 
Elution rate:1 drop/3-4 min. 


Although the static K, values were determined at 25°C, while elutions were mad- 
at 80°C, the separation factors obtained by elution within the actinide and lanthae 
nide groups agree reasonably well with those deduced from K, values and stability 
constants. The exception is the separation factor between americium and curium 
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(a = K}"/Ki™) which does not agree with the theoretical value and is moreover 
dependent upon the position of elution, i. e. upon the pH, e.g. 


pH 2:35 = 1-10 + 0-04 
2-40 = 1-10 + 0-05 
2°45 == 1-20 + 0-05 
2°55 = 1-35 + 0-05 
2°65 = 1-45 + 0-05 
This behaviour, for which we have no definite explanation, is still under investigation. 


By using aminoacetic acid or glycine to buffer the EDTA eluting solution we 
were able to greatly minimize pH variations from one separation to another. Fig. 5 
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Fic. 5.—Separation of actinides with EDTA in buffered solution 
Dowex 50-X12.RNH4:Settling rate in water:0-75—1:25 cm/min 
EDTA 10-3M | 
NH,ClO,4 5:10-2M; pH:2°6 at 25°C 
Glycine 10~'M 
t: 80°C 
Column height: 5 cm; diameter: 2 mm 
Drop volume:26 A; free column volume ~2 drops 
Elution rate: 1 drop/3 min. 


shows the result of such separations, which were very reproducible; in these experi- 
ments we obtained the same separation factors as in previous separations with 
unbuffered solutions. 

In a search for eluting agents which give a still greater separation of the actinides 
from the lanthanides, we have obtained preliminary results with hydroxyethyl 
ethylenediaminetriacetic acid (HEDTA) which appear to be ve1y promising. Using 
this eluting agent we have shown that it is posssible to elute all the transplutonium 
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elements ahead of yttrium and the lanthanides. Fig. 6 shows a satisfactory separation 
of the elements californium, curium and yttrium. Nevertheless, separation factors 
between americium and curium and between yttrium and europium (which are 
eluted first among the lanthanides) respectively, are very poor. For instance under 
the conditions in Fig. 6, although they are well separated from the lanthanides, 
curium and americium are eluted in one unique unresolved band, curium being 
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Fic. 6.—Separation of Y, Cm, Cf with HEDTA 
Dowex 50-X12,RNH, Settling rate in water: 0:75-1:25 cm/min. 


HEDTA 10 3M 


2 : 3-7 at 25°C 
NH,4ClO,4 5:10 -Mf pH at 25°C 


Glycine 10 'M 

t: 80°C 

Column:height 5 cm; diameter 2 mm 

Drop volume27?.; free column volume ~2 drops 
Elution rate: | drop/3 min. 


preferentially concentrated in the ascending part of the band and americium in the 
descending part. An analogous behaviour is encountered with the mixture yttrium- 
europium. According to the stability constants, such a situation is to be expected 
for europium and the neighbouring lanthanides,’ and therefore is not surprising 
for the homologous actinides. Further work with this type of complexing agents 


is in progress. 
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THE THERMODYNAMIC SOLUBILITY PRODUCT CONSTANT OF CaF, 
AND THE BASICITY OF WATER IN LIQUID HFT? 


S. KONGPRICHA** and A. F. CLIFFORD 
Department of Chemistry, Purdue University, Lafayette, Indiana 


(Received 20 October 1959; first revision 31 March 1960; final revision 21 April 1960) 


Abstract— Activity coefficients for CaF 2 in liquid HF were determined by solubility measure- 
ments on CaF, in the presence of varying concentrations of NaF ranging from 0-1175 to 0-7295 
moles per 1000 g of HF. The thermodynamic solubility product constant of CaF, in liquid HF was 
determined to be 1-525 10-3 at 0°C. From the effect of small amounts of water on the solubility 
of CaF, in liquid HF, a minimum ionization constant of 0-55 for water as a base in HF was deter- 
mined at the same temperature. 


A. THE SOLUBILITY PRODUCT CONSTANT OF CaF, 


THE solubilities of a number of substances, including many simple fiuorides, have 
been measured in anhydrous HF."'”) However, in no case was a thermodynamic 
solubility product constant determined and in some cases it would appear that the 
HF used was not strictly anhydrous. The presence of water would have the effect of 
increasing the solubility of fluorides of metals forming aquo complexes,” but of 


decreasing the solubility of the fiuorides of metals not forming aquo complexes 
through the common ion effect of the fiuoride ion produced by the ionization of the 
water. 


Ca*! + 2H,O + 2HF2#CaF,(s) -|- 2H,O 


As will be shown later in this paper, the extent of this ionization is considerable. 
Since calcium fiuoride has a solubility in HF which is small but easy to analyse 
for (10-61 g/l. at —3-3° according to JacHE and Capy®), and since calcium ion 


* Part LV: J. Amer. Chem. Soc. 79, 4041 (1957); Parts I, If and II: J. Inorg. Nucl. Chem. 5, 57, 
71, 76 (1957). 

t This work was done under U.S. Atomic Energy Commission Contract No. AT(11-1)-620. 
Presented in part at the International Congress for Pure and Applied Chemistry, Munich, Ger- 
many, August 1959. 

** From a thesis submitted by S. KONGPRICHA to the faculty of Purdue University in partial ful- 
filment of the requirements for the degree of Doctor of Philosophy. 

') K. FREDENHAGEN, Z. Elektrochem. 37, 684 (1931); Z. Phys. Chem. A 164, 176, (1933). 

'2) A.W. JacHe and G.H. Capy, J. Phys. Chem. 56, 1106 (1952). 

‘9) A. F. Ciirrorp and J. W. SARGENT, J. Amer. Chem. Soc. 79, 4041 (1957). 
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forms neither aquo-nor fiuoro-complexes, it was selected for the determination of 


its thermodynamic solubility product constant. The method used was that of the 
(4) 


Lewis and RANDALL. 

The solubility of CaF, was determined in solutions in HF containing varying 
amounts of NaF. The thermodynamic solubility product constant of CaF, in HF 
obtained from the studies was 1-52; < 10 * -+ 0-015 <10 3. 


EXPERIMENTAL 


Equipment and procedure. The HF was purified by electrolysis in a Simons-type™, copper-bodied 
cell with nickel electrodes until the conductivity was low and the cell gave a constant back-e.m.fs 
for several hours after electrolysis was stopped. The HF was distilled out of the electrolysis cell. 
by means of an infra-red lamp ard ccndensed in a Kel-F bottle cold-trap (A, Fig. 1) (Boston-rounds 


Schematic diagram of apparatus. 


Plax Corporation) by means of a Dry-Ice bath to deposit entrained solids. From here the HF was 
revaporized through all Kel-F lines into a calibrated all-Kel-F reservoir (B) enclosed in an insu- 
lated glass constant-temperature jacket supplied with coolant from a mechanical refrigeration 
unit (Tenney Engineering Corporation). From this a known volume of HF was run into the Kel-F 
reaction vessel (D) immersed in an ice bath, which had previously been charged with a known 
amount of dry NaF and excess CaF. After stirring with a magnetic stirrer to insure attainment 
of equilibrium, dry nitrogen was admitted through the reservoir to force a sample of the solution 
through the fritted Kel-F filter (E) into the calibrated sample burette (F). The sample of known 
volume was then removed into the sample bottle (G). The HF solvent was evapourated from the 
sample by means of a water aspirator. The solid salts were then transferred into a tared platinum 
dish and heated carefully on a hot plate to dryness. The residue was dried at 500° for 10 hr in a muffle 
furnace. The weight of the residue corrected for the amount of NaF known to be present repre- 
sented the amount of CaF, in the sample. 

All valves in contact with reaction solutions (C) were of the needle type machined from Kel-F 


stock. 


'9) G. N. Lewis and M. RANDALL, Thermodynamics and Free Energy of Chemical Substances, 
pp. 369-390 McGraw-Hill, New York (1923). 
) J. H. Simons ef al., Trans. Electrochem. Soc. 95, 47 (1949). 
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Reagents. Baker reagent grade CaF and Mallinckrodt analytical reagent grade NaF were 
dried at 500° for 10 hr in a muffle furnace before use. The HF solvent was transferred by vaporiz- 
ation to the electrolytic purification cell. A typical batch after electrolysis had a conductivity of 
6x 10-4 mho 


RESULTS AND DISCUSSION 


The solubility of CaF, in liquid HF was determined alone and in the presence of 
NaF from 0-1175 to 0-7295 molal. The solubility was found to decrease with increas- 
ing NaF concentration as expected. The results are given in Table 1. The reciprocal 


TaBLe 1.—Sovusitity oF CaF IN NaF so_utions In HF 





Molality 
lonic 


CaF> strength 


(0-1536) 

| |0-1546f 
0-1175 0-1157 
02636 | 0-08214 
0-4177 0:06606 
0-6337 0-05339 
0-7295 0-05136 


0 





of the CaF, mean molality (m’) plotted against the cube root of the total ionic 
strength very closely followed the least squares equation 


- 8-69— 5:88} 


m 


whence m* at zero ionic strength is 0-1151. Thus the thermodynamic solubility pro 
duct constant for CaF, is (0-1151)° = 1-52 (40-015) 10° ?, 

The mean activity coefficient (y-+-) was obtained by dividing the m at zero 
ionic strength by m~ at the various concentrations of NaF. 

The solubility of CaF, reported here (0-154 m) is seen to be somewhat greater 
than that reported by JacHE and Capy'2’ (0-136 m). It seems likely that JACHE’s 
lower result was due to the presence of adsorbed water, for we found that if the 
CaF, were dried at only 120° the solubility was 0-140 m. 

The solubility product constant of CaF, in HF (1-52, x 10 ~*) is seen to be some- 
what greater than that for Ca(OH), in water (5:5 10~°). This appears to be 
a reflexion of a general tendency‘2’ for the metallic fluorides of low oxidation state 
to be somewhat more soluble in HF than the corresponding hydroxides are in water. 
This may be the result of much greater solvation energy of HF for F compared 
to that of H,O for OH 


‘) G. Kitpe, Z. Anorg. Chem. 218, 113 (1934). 
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The mean activity coefficients of CaF, in HF are considerably greater than those 
for similar electrolytes in water. They also appear to be greater than would be 
predicted by the extended Debye—Hiickel equation, 


‘ 1-824 x 10°Z?)/u 
—logy= = 5 
(DT) “(1+ ) 2) 
where D = the-dielectric constant and T = absolute temperature. In order to see 


whether there might be some empirical justification for this, the plot of log 
y/—-Z, Z_ for CaF, in HF (curve D in Fig. 2) versus the square root of the ionic 
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Fic. 2.—Activity coefficients in H,O and in HF. 


Strength was compared with similar plots for LiF (A), NaF (B), and KF(C) in HF 
(from the data of NiKOLAEV and TANANAEV"”) and for NaOH (£), KOH (F), CsOH 
(G) and Ba(OH), (H)'®’ in water. Curves K and L are the extended Debye-Hiickel 
relationships for water at 25° and for HF at 0° respectively. It can be seen that 
the unibivalent salts conform to the Debye-Hiickel relationship better at high ionic 
strength in both solvents than do the uni-univalent salts. In liquid HF, however, 
both classes of salt vary rather widely from the theoretical. That the non-con- 
formity we have found for CaF, in true, however, is supported by the even greater 
non-conformity of the alkali fluorides. 


7) N.S. Nixovaev and I. V. TANANAEV, Izvest. Akad. Nauk SSSR 20, 196 (1950). 
‘8) All aqueous data from W. M. Latimer, Oxidation Potentials, (2nd. Ed.) Appendix II. Prentice- 
Hall, New York (1952). 
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It is, of course, common for the logy/—Z., Z_ plots for solutes at high concen- 
tration to have values greater than predicted by the Debye—Hiickel equation. Gene- 
rally, however, the slope of the plot is smaller than that predicted by the equation, 
passing through zero, and eventually becoming positive if a high enough concentra- 
tion can be reached. From Fig. 2 it can be seen that at high concentration the CaF,, 
LiF and KF curves (and probably also that for NaF) all have the same slope, and 
subsequently undergo the same reversal of sign as the curves for similar electrolytes 
in water, the curves having much the appearance of the water curves with the axes 
shifted. It seems possible that this might be due to a fundamental reorganization in 
the physical structure of the solvent, brought about by the electrolyte. Indeed, this 
has been suggested by NIKOLAEV and TANANAEV’’) and others. From the slopes of 
the curves (0-16 at low concentration and 0-267 at high) it would appear that the 
effective dielectic constant of HF is about 130 at high concentration and about 
180 (!) at low concentration. This would be a “microscopic” dielectric constant not 
characteristic of the bulk of the solvent. The macroscopic dielectric constant is 83-6 
at O°C. If this interpretation is correct, it would appear that the effectiveness of 
bringing about this change in structure is a function of the charge density of the 


cation. 
B. THE BASICITY OF WATER 


It has long been recognized that most substances give basic reactions in liquid 
HF, in the sense that they increase the activity of F~ in the solvent while simul- 
taneously reducing the activity of H,F*. The FREDENHAGENS'!>9) showed, for example, 
that all the oxygen-containing substances which they examined, with the possible 
exception of perchloric acid (examined as KCIO,), gave basic reactions in HF, 
either directly or through solvolysis. Although these workers collected considerable 
conductivity data from which they estimated some basic ionization constants in HF, 
via the Ostwald dilution formula, there has been no real attempt to establish thermo- 
dynamic basic ionization constants of oxygen-containing substances in HF. The 
basicities of the aromatic hydrocarbons in HF, on the other hand, have received 
considerable attention."!0’ 

In this laboratory the constant for the reaction has been determined from the 
effect of water on the solubility of CaF, in HF to have a minimum value of 0-55. 


EXPERIMENTAL 


Equipment and reagents. The equipment and reagents used were as described in Part A. 
Method. The solubility of CaF, in HF in the presence of varying amounts of distilled water 
was determined by withdrawing aliquot samples of the solution, evaporating and weighing the 


®) H. FREDENHAGEN, Z. Anorg. Chem. 242, 23 (1939). 

”) W. Kiatt, Z. Anorg. Chem. 234, 189 (1937); D. A. McCautay and A. P. Lien, J. Amer. Chem. 
Soc. 73, 2013 (1951); 75, 2407 (1943); 79, 2495 (1957); H. C. Brown and J. D. Brapy, Jbid. 
74, 3570 (1952); M. KILpatTrick and F. E. Lusorsky, /bid. 75, 577 (1953); 76, 5863 (1954); 
M. KILPATRICK and H. H. Hyman, J/bid. 80, 77 (1958); E. I. MAckor, A. Horstra and J. H. 
VAN DER WAALS, Trans. Faraday Soc. 54, 66, 186 (1958). 
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dried residue as described in the preceding section. The solubility was found to decrease with increas- 
ing water concentration as expected. The data are given in Table 2. Assuming that the activity of 
H30*F~ would be the same as that of Na*F~ at the same concentration, the molality of H;0* 
was read off the curve for the solubility of CaF2 versus NaF concentration given in Part A (Table 1). 
The concentration of H30~ so obtained was compared with the known total concentrations of 


TABLE 2.—SOLuBILITY OF CaF 2 IN H2O sOLUTIONS IN HF 





Molal concentrations 


> 


Keg : 





0-6368 0:2480 
0-5868 0-2702 
0:3148 
0-3189 
0-289] 
0:3398 
0:55 + 0-01* 





1 
* = 3-797—2-634u8, 


log(Kg a ) 
water and the known fluoride ion concentration to obtain apparent ionization constants of wate 
at various concentrations. The reciprocals of the logarithms of apparent Kg’s were then extra 
polated algebraically 
Kp (H30 ‘]({H30°}+ 2[Ca* }) — [H30' }[F 7] 


5 


2 [HO] total — [H30 J [H20] 





(least squares) versus the square root of the total ionic strength (including the contribution of the 
ionized water) to zero ionic strength to obtain the thermodynamic Kg. The constant so obtained 
was 0:55+ 0-01. In view of the fact that the lowest ionic strength for which a measurement was 
made was 0-4087 m, this value is probably not accurate, but is certainly of the correct order of 
magnitude. 


DISCUSSION 


The basicity of water in HF has frequently been compared with the basicity of 
ammonia in water. However, it can be seen from the above result as well as from the 
data of FREDENHAGEN'” and of HyMAN et ai/.''), that water is a stronger base in 
HF than ammonia is in water by more than four orders of magnitude. (If the 
constants which are obtained by applying the Ostwald dilution formula to the con- 
ductivity data of FREDENHAGEN' are extrapolated versus the square root of the 
water concentration to zero water concentration, the Kg so obtained is 0-15. Doing 
the same with FREDENHAGEN’S boiling point data gives K, = 0-19. This procedure is 
valid because all of the ionic strength in this case is derived from the ionization of 
the water.) Although the extrapolation of FREDENHAGEN’s data is certainly not very 
accurate, our value is also subject to inaccuracy because of the high ionic strengths 
involved. At present, there seems to be no valid criterion for choosing between the 
two values. 


‘41) H. H. HyMAN, M. KILPATRICK and J.J. Katz, J. Amer. Chem. Soc. 79, 3668 (1957). 
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DER NACHWEIS VON CHLORIDIONENUBERGANGEN 
IN PHOSPHOROXYCHLORIDLOSUNGEN 
DURCH BILDUNG DES [FeCl] -IONS AUS FeCl,*" 


M. BAAZ, V. GUTMANN und L. HUBNER 
Institut fiir Anorganische und Allgemeine Chemie der Technischen Hochschule, Wien 


(Received 20 April 1960) 


Zusammenfassung —In Phosphoroxychlorid ganz oder teilweise erfolgende Chloridioneniibergange 
von Chloridionendonoren zum Akzeptor FeCl; kénnen auf Grund des Unterschiedes der Spektren 
von (FeCl3).o1, und [FeCl4]~ -lon im Bereich von 400 und 600 my eindeutig nachgewiesen und 
damit relative Chloridionen-Donor- und Akzeptorstaérken verschiedener Chioride festgelegt 
werden. 

Abstract —Chlorid ion transfer reactions in phosphorus oxychloride from chloride ion donors to 
the acceptor FeCl; can be followed by the change in spectra from (FeCl3),o1, to [FeCl4]~ in the 
range between 400 and 600 mu, the relative Chloride ion donor and acceptor strength of various 
chlorides in phosphorus oxychloride has been estimated. 


Die charakteristische Struktur der Extinktionskurve des [FeCl,]~-Ions'?) im Verein 
mit der 2 bis 3 Zehnerpotenzen grésseren Extinktion des roten FeCl,/POCI,- 
Komplexes im Bereich zwischen 600 mu und 400 mu” sollte es erméglichen, Chlo- 
ridioneniibergange zwischen beliebigen Donoren und dem Akzeptor Eisen(III1) 
chlorid qualitativ und in einigen Fallen auch quantitativ zu erfassen. Wahrend 
Leitfahigkeitsmessungen keine qualitativen Aussagen iiber die Natur der Dissozia- 
tionsprodukte liefern und potentiometrische Untersuchungen nur indirekte Schliisse 
auf die Elektrodenvorgange zulassen, ist die Bildung des gelben [FeCl,]~ -Ions 
auch aus den roten FeCl,-Komplexen ein direkter und eindeutiger Beweis fiir 
einen erfolgten Chloridioneniibergang in Lésung. 

Daher ist es méglich die ungefahren Gleichgewichtslagen von Donoren mit 
Eisen(II1])chlorid und von Akzeptoren mit Eisen(II])chlorid und Tetraathylammo- 
niumchlorid aus dem Verhdaltnis von (FeCl,),.,, zu [FeCl,]~ spektrophotometrisch 
zu bestimmen, sodass daraus ein qualitativer Vergleich der Donor- und Akzep- 
torstarken verschiedener Chloride in Phosphoroxychlorid méglich ist. Allerdings 
lasst sich damit nur jenes Gebiet lberstreichen, in dem das Verhaltnis [FeCl,]~: 
FeCl, zwischen 10 und 1/100 liegt; auch ist eine streng quantitative Auswertung nicht 
méglich, da das FeCl,-Spektrum zwischen 400 und 600 muy nur eine Absorptions- 


* Zugleich 20. Mitt. der Reihe: Das Solvosystem Phosphoroxychlorid. 

') 19. Mitt.: M. Baaz, V. GUTMANN und L. HUsNerR, Mh. Chem. 91, 537 (1960). 

) H. L. FRigpMAN, J. Amer. Chem. Soc. 74, 5 (1952); V. GUTMANN und M. Baaz, Mh. Chem. 
90, 271 (1959). 
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kante aufweist, deren Lage geringfiigig von der Vorgeschichte der Lésung abhangt. 
Diesen Einschrankungen steht jedoch der Vorteil der qualitativen Eindeutigkeit 


gegeniiber. 
EXPERIMENTELLES 


Die Reinigung des Phosphoroxychlorids und die Darstellung des Tetraéthylammoniumchlorids 
erfolgte wie friiher beschrieben;'?) TiCl4-(POCI3)2, SbCls-POCI; und SnCl4-(POCI;)2 wurden an 
Stelle der entsprechenden Chloride verwendet. Zur Darstellung wurden die Chloride in der Trocken- 
kammer mit POC]; in einem Kolben etwa im Verhdaltnis 1:5 gemischt, die Solvate von der Mutter- 
lauge durch Dekantieren getrennt und bei 8 Torr vom Solvens befreit. Zur Darstellung der Ver- 
bindung BCl3;-POCI3; wurde BCI; (Schuchardt) im Hochvakuum in POCI, eindestilliert und das 
iiberschiissige POC]; im Hochvakuum entfernt. AgCl wurde im Dunkeln aus AgNO; dargestellt, 
mit Alkohol und Aceton gewaschen und im Hochvakuum getrocknet. KCl, CuCl, BaCl, 
ZnClz, HgClz, PCls und AlCl; (Merck oder Riedel de Haen) wurden unverandert verwendet. CuCl 
wurde mit Tnionylchlorid entwassert. Die Herstellung der Lésungen'*’ sowie die Ausfiihrung der 
Messungen wurde bereits friiher beschrieben'?’. 


1. MONOCHLORIDE 


Tetraathylammoniumchlorid ist eine typische Ionenverbindung, die in POCI, gut 
léslisch ist und eine Bjerrum’sche Konstante von 7 x 10°‘ besitzt. Bei einer 
Konzentration von 10~? betragt die Chloridionenaktivitat etwa 10~°; Die Extink- 























400 500 600 700 


Asp. 1.—Monochloride (c.i. 2x 10-2 Mol/l) 
FeCl; 
(C2Hs5)4NCl+ FeCl; (1:1) 
KCl+ FeCl; (1:1) 
AgCl+ FeCl; (1:1) 


(3) VY. GUTMANN und M. Baaz, Mh. Chem. 90, 235 (1959). 
(“) M. Baaz und V. GuTMANN, Mh. Chem. 90, 426 (1959). 
(5) Y. GUTMANN und M. Baaz, Mh. Chem. 90, 729 (1959). 
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tion der gelben Lésung von FeCl, : Et,NCl = 1:1 zeigt daher das typische 
Verhalten des [FeCl,] ~-Ions.“:” 

Kaliumchlorid ist in Phosphoroxychlorid weitgehend unldslich. Die Léslichkeit 
liegt unter 10-° Mol/Liter. Dagegen lést sich KCl in roten FeCl,-Lésungen von 
10-7 Mol/Liter im Verhaltnis 1:1 unter Bildung des [FeCl,]--Komplexes. Der 
[FeCl,]--Komplex ist also so stark, dass selbst die Chloridionenaktivitat in einer 
gesattigten KCl-Lésung (c ~10 *) grésser als die Gleichgewichtsaktivitat neben 
[FeCl,]~ ist. Die Dissoziationskonstante des [FeCl,]~-Ions muss deshalb < 107’ 
sein. 

Kupfer(\)chlorid \ést sich in FeCl,-Lésungen nur geringfiigig die Lésungen 
bleiben rot. Silberchlorid \ést sich in FeCl,-Lésungen nur teilweise, die Lésungen 
bleiben rot. In beiden Fallen ist die Léslichkeit zu gering, um die Bildung eines 
[FeCl,]~-Komplexes zu erméglichen. Das diirfte auf den kovalenten Charakter 
der Me-Cl-Bindungen in diesen Chloriden beruhen 


2. DICHLORIDE 


Bariumchlorid, dessen Léslichkeit in Phosphoroxylochlorid selbst nicht nachweis- 
bar ist, setzt sich mit FeCl, unter Bildung einer unléslichen gelben Verbindung, 
wahrscheinlich [BaCl] [FeCl,] um, wobei die rote Lésung entfarbt wird. 


























Ass. 2.—Dichloride (c. 1 ~. 2x 10~? Mol/l.) 
KCl: FeCl3 = 1:1 (zum Vergleich) 
ZnCl: FeCl; 1:1 
ZnCl: FeCl; = 1:2 
HgCl>: FeCl; — 1:1 
FeCl; 
HgCl2: FeCl3: (C2Hs5)4NCl = 1:1:1 


DAunt wn = 


{*) V. GUTMANN, Mh. Chem. 83, 279 (1952). 
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Zinkchlorid zeigt in Phosphoroxychlorid vorwiegend basische Eigenschaften;‘” 
Es ldst sich bis zu Konzentrationen von 10~* Mol/Liter in POCI,, die Leitfahigkeit 
liegt zwischen der des Aluminiumchlorids und des Phosphor(V)chlorids. Versetzt 
man ZnCl,-Lésungen bei Konzentrationen von 10 2 Mol/Liter mit FeCl,, dann 
zeigen sowohl die Lésungen, die ZnCl, und FeCl, = 1:1 als auch 1:2 enthalten, 
das Spektrum des [FeCl,] ~-Ions; beide Reaktionen 


+ (FeCl). = [FeCl,]~ + (ZnCl),.,, 
+ (FeCl;),.1y a [FeCl,]~ ? Zniciv 


(ZnCl). 1 
(ZnCl*) 


solv 


laufen also quantitativ ab. Die Bildung von nackten ZnCl* und Zn**-Ionen ist 
unwahrscheinlich; man darf vielmehr Komplexe etwa der Form 


[ZnC\(OPCI,),]* bzw. [Zn(OPCI,),]** 


annehmen. 

Quecksilber({1)chlorid diirfte weder ein Chloridion an FeCl, abgeben, noch von 
[FeCl,] — ein Chloridion akzeptieren. Lésungen, die HgCl, und FeCl, im Verhiltnis 
1:1 enthalten sind rot; solche mit FeCl, : HgCl, : Et,NCl1=1:1:1 sind gelb 
und besitzen das [FeCl,]~-Spektrum. Vom ZnCl, zum HgCl, nimmt also die Do- 
norstarke stark ab, ohne dass dabei die Akzeptorstaérke wesentlich zunimmt. Queck- 
silber(II)chlorid diirfte in Phosphoroxychlorid-Lésungen nicht in Form von Auto- 
komplexen, sondern eher monomolekular vorliegen. 

Kupfer(1))chlorid kann auch durch Zugabe von Eisen(III)chlorid nicht in Phos- 
phoroxychlorid gelést werden. 


3. TRICHLORIDE 


Bortrichlorid. Lésungen von BCI, und FeCl, 1:1 sind rot, die Extinktion ist die 
der roten FeCl,-Lésungen. Gleichzeitig vorhandene Chloridionen fiihren im wesent- 
lichen zur Bildung von [FeCl,]~ und nicht zu [BCl,]~, doch ist die Extinktions- 
kurve nicht ganz die des reinen [FeCl,] ~-Komplexes. Aus der Veschiebung der Kurve 
nach Werten héherer Extinktion kann man eine Verteilung der Chloridionen des 
Et,NCl auf [FeCl,]~ und [BCl,]~ von etwa 50 : | abschatzen. In diesem Verhaltnis 
liegen dann auch die Stérkekonstanten dieser Komplexe. Setzt man zu [FeCl,]~ 
-Lésungen Bor(III])chlorid im Ueberschuss zu, so erhalt man noch gréssere Anteile 
an solvatisiertem FeCl,, doch ist auch hier das [FeCl,]~-Spektrum noch deutlich 
erkennbar. Demnach folgt aus den spektrophotometrischen Untersuchungen das 
Vorliegen von [BCl,] --Komplexen in Phosphoroxychlorid, sofern neben Bor(III) 
chlorid starke Chloridionendonoren zugegen sind. 

Aluminiumchlorid. Potentiometrische ' und konduktometrische ‘”!Titrationen 


‘7) V. GUTMANN, Z. Anorg. Chem. 270, 179 (1952). 

‘8) M. Baaz, V. GUTMANN, L. HUsNeR und F. MAIRINGER, unver6ffentlicht. 
‘9) V. GUTMANN und F. MAIrRINGER, Z. Anorg. Chem. 289, 279 (1957). 

0) VY. GUTMANN und F. Mairincer, Mh. Chem. 89, 724 (1958). 

|) M. Baaz, V. GUTMANN und L. HUsner, unveréffentlicht. 
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sowie praparative Untersuchungen zeigen, dass Aluminiumchlorid in Phosphor- 
oxychlorid amphoteren Charakter besitzt,'?) und sowohl Cl~--lonen aufnehmen, 
als auch abgeben kann.) Die spektrophotometrischen Untersuchungen zeigen, 


dass die Abgabe des ersten Chloridions 


(FeCl,).o1, + (AICI,)..1, = [FeCl,] — + (AICI,)5), 



































Ass. 3.—Trichloride (c. ~2x10~-? Mol/l.) 


AICI3: FeCl3: (C2Hs5)4NCI = 1:1:1 

AICI3: FeCl; = 1:1 

AICI3: FeCl; = 1:2 

AICI3: FeCl; = 1:3 

FeCl; 

BCl3: FeCl3: (C2Hs)gNCl = 1:1:1 

BCI: FeCl;:(C2Hs5)4NCl (BCI; im Ueberschuss) 
BCl;: FeCl; =1:1 


quantitativ erfolgt, der Gehalt an unreagiertem FeCl, ist in Lésungen FeCl, + 
AIC], = 1:1 ca. 1%. Die Abgabe des zweiten Chloridions des Aluminiumchlorids 
erfolgt ebenfalls weitgehend. Der Chloridioneniibergang 


(FeCl,),.1, + (AICI) 3, + FeCly + (AICI, 


findet mindestens zu 90%, statt. Die Extinktionskurve in Lésungen AICI,: FeCl, = 
1: 3 zeigt nicht mehr die Struktur des [FeCl,]~, sondern etwa die Werte der roten 


(2) V. GUTMANN und M. Baaz, Z. Anorg. Chem. 298, 121 (1959). 
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FeCl,-Lésung bei Konzentrationen ~10~? Mol/I. Das dritte Aequivalent Eisen- 
(I1I)chlorid liegt zu mehr als 90% in der roten Form vor. Die Abgabe des dritten 
Chloridions 


2 
solv * 


(FeCl), + (AICD2), = [FeCl] + AL: 


solv solv 


findet daher nicht mehr in nennenswertem Umfang statt. 


Aluminiumchlorid kann also auch an einen starken Chloridionenakzeptor prak- 
tisch nur 2 Chloridionen abgeben. Immerhin ist die Dissoziation des Aluminium- 
chlorids in einem Lésungsmittel mit niedriger Dielektrizitaétskonstante nur nach 
energetischer Wechselwirkung mit dem Lésungsmittel méglich. Wahrscheinlich wird 
bei den Dissoziationsvorgangen ein Chloridion nach dem anderen gegen eine 
POCI,-Molekel (zu O-Koordination) ausgetauscht. 


AICI, + POCI, = CI,AIOPCI, + Cl- 


Cl,AlIOPCI, + POCI, = [Cl,A(OPCI,),] + + Cl- 


[Cl,A(OPCI,),] ' + POCI; = [CIAI(OPCI,),}’* + Cl 


wobei auch Sechserkoordination denkbar ist. Fiir eine starke Solvatation mit dem 
Lésungsmittel und gegen die Existenz von Chlortriicken zwischen AICI, und FeCl, 
spricht auch die Tatsache, dass die Kationen ohne Einfluss auf die charakteristische 
Struktur der Extinktionskurve des [FeCl,]~-Ions zwischen 400 und 600 mu und 
unterhalb 650 my bleibt; das ware fiir das nackte Ion AICI; nicht zu erwarten. 
Lésungen von AICI,: Et,NCI: FeCl, = 1: 1:1 zeigen das reine [FeCl,] ~-Spek- 
trum. Die Koordinationsaffinitéat des Aluminiumchlorids gegeniiber Chloridionen 
ist also um Gréssenordnungen kleiner, als die des Eisen(II[)chlorids. 

Gold(Il1)chlorid gibt Chloridionen an Eisen(III)chlorid ab. Die Extinktionskurve 
des [FeCl,] ~ lasst sich neben der gelben AuCl,-Lésung nicht besonders gut messen, 
doch sind alle charakteristischen Extremwerte des [FeCl,] ~-Spektrums (die Maxima 
450, 505 und 530 my, sowie die Minima 445 und 415 my) vorhanden. Das ist iiber- 
raschend, da AuCl, sonst als starker Chloridionenakzeptor auftritt, doch schliessen 
sich Donor- und Akzeptoreigenschaften nicht aus. 


4. TETRACHLORIDE 


Zinn({V)chlorid gibt an FeCl, keine Chloridionen ab. Die Chloridionen eines 
starken Chloridionendonors werden dagegen quantitativ an FeCl, koordiniert. 
Obwohl SnCl, also mindestens ein mittelstarker Akzeptor ist, nimmt FeCl, neben 
SnCl, im Ueberschuss bei entsprechender Verdiinnung trotzdem die UV-Fein- 
struktur der Bandenkante mit den Maxima 315 und 365 mu und dem Minimum 
340 mu an. Die Chloridionenaffinitat ist also um Gréssenordnungen schwacher als 
die des FeCl,, sodass das durch die Verdiinnung beieitgestellte gréssere Angebot 
an Chloridionen zur Bildung von [FeCl,]~ und nicht von [SnCl,}~ fiihrt. 
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Titan(1V)chlorid zeigt in FeCl,-Lésung eine Bandenkante, die etwa in der Mitte 
zwischen der des [FeCl,] ~ und (FeCl,),.,, liegt. Mit Ausnahme der Bande bei 530 mu 
ist die Struktur des [FeCl,]~-Spektrums nicht zu erkennen, was auf eine starke 
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Ass. 4.—Tetrachloride (c. ~ 2 10 
TiCls : FeCl3: (C2Hs)4NCl = 1:1: 
TiClg : FeCl3: (CpHs)4NCI = 1:1: 
TiCl4 : FeCl; = 1:1 
TiCl4 : FeCl3 = 1:2 
TiCl, : FeCl; 1:3 
SnClq : FeCl; : (C2Hs)4NCl = 1:1: 
SnCl4 : FeCl; = 1:1 
FeCl; 


Ueberlagerung des roten FeCl,-Spektrums zuriickzufiihren ist. Eine quantitative 
Auswertung der Extinktion bei dieser Wellenlange ergibt, dass von zugesetztem 
Eisenchlorid ungefahr 20°, als FeCl, vorliegt. Immerhin gibt Titan(VI)chlorid das 
erste Chloridion bei Konzentration von 2 x 10~? mindestens zur Halfte ab.'*) Eine 
Abgabe eines zweiten Chloridions erfolgt nicht. Entsprechend den Eigenschaften 
des Titan(I[V)chlorids als schwacher Chloridionenakzeptor werden Chloridionen 
praktisch quantitativ von FeCl, unter Bildung von [FeCl,]~ koordiniert. Geht man 
also von den Komplexen [TiCI,J*~ und (TiClI.J,;,, aus, so erfolgen die Reaktionen 


+ [FeCl,]~ 


poly 
[TiCl,}?- + (FeCl,) 
[TiCl,] 


= [TiCl.] 


solv 


= (TiCI,) 


solv 


solv + (FeCl;),o1y solv + [FeCl,]~ 


quantitativ. 


3) M. Baaz, V. GUTMANN und M. Y. A. TALAAT, unver6ffentlicht. 
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5. PENTACHLORIDE 


Phosphor(V )chlorid bildet mit Eisen(II1)chlorid eine Verbindung der Zusammen- 
setzung FeCl,.PCI,.‘'*) In Lésung von Phosphoroxychlorid ist sie teilweise solvo- 
lysiert, die Extinktionskurve des FeCl, zeigt eine Bandenkante die etwa in der Mitte 
zwischen der des FeCl, und [FeCl,] ~ liegt und nicht mehr die Struktur des [FeCl,] ~- 
Spektrums zeigt. Die quantitative Auswertung ergibt, dass etwa 20% des Eisen- 
chlorids als rotes FeCl, vorliegen. Setzt man Phosphor(V)chlorid in 2 bis 3 fachen 
Ueberschuss zu, dann zeigt sich exakt das [FeCl,] ~-Spektrum. Lésungen von PCI, : 
FeCl, : Et,NCI = 1: 1:1 besitzen ebenfalls das [FeCl,]~-Spektrum; in Gegenwart 
von Phosphor(V)chlorid sind demnach die Chloridionen des Donors quantitativ an 
das Eisen(III)chlorid koordiniert. 























My 
Ass. 5.—Pentachloride (c ~~ 2 10~? Mol/I.) 
FeCl; 
FeCl; : SbCls : (C2Hs5)4NCl basi 
PCI; : FeCls = 1:1 
**— PCls5+4-FeCl;(PCls; im Ueberschuss ~ 5:1) 


Antimon(V)chlorid ist ein starker Chloridionenakzeptor.“”) Die Lésung einer 
aquivalenten Menge mit Eisen(III)chlorid in Phosphoroxychlorid zeigt die Ex- 
tinktion der 10-7 molaren reinen FeCl,-Lésung. Bringt man dagegen Eisen (III) 
chlorid (c = 10~*) in 6 bis 10 m SbCI,-Lésungen, dann tritt gegeniiber den kon- 
zentrierten Losungen von FeCl; in POCI, eine zusatzliche Rotverschiebung auf. 
Das bedeutet, dass auch in den 10-7 m Lésungen ein betrachtlicher Anteil der 


(14) W.L. GROENEVELD, Diss. Leiden (1953). 
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FeCl,-Einheiten bereits Cl ~-koordiniert vorliegt und dass diese Cl ~- Koordination 
durch den Zusatz von SbCl, riickgangig gemacht wird. Die betrachtliche Leitfahig- 
keit und geringe Chloridionenaktivitat"” der Lésungen findet damit ihre Erkla- 
rung. Auch das komplexe [SbCI,]~-Ion ist sehr stark,“*) Chloridioneniibergange 
zwischen [SbCI,]~ und FeCl, finden deshalb in geringen umfang statt. Lésungen 
von FeCl,: SbCl,: Et,NC] = 1:1:1 bei c=5 x 10~? sind rot mit einer der 
reinen Eisen(III)chloridlésung entsprechenden Extinktionskurve. 


VERGLEICH DER DONORSTARKEN 


(1) Bei polaren Chloriden nimmt die Donorstérke mit abnehmender Gitterener- 
gie, bzw. mit der Léslichkeit in Phosphoroxychlorid zu: Et,NCl > KCl > BaCl,. 

(2) Beim Uebergang von polaren zu kovalenten Chloriden nimmt die Donor- 
stirke mit zunehmendem kovalenten Charakter der Bindung ab. Das 4ussert 
sich in 

(a) Abnahme der Donorstérke mit zunehmender Koordinationszahl ZnCl, > 
der Bindigkeit ab. Ausnahmen sind lediglich BC], und SnCl,. 

(a) Chloride der la und 2a-Gruppe sind staérkere Donoren als die entspre- 
chenden Chloride der b-Gruppenelemente. 


KCl > AgCl, bzw. BaCl, > CuCl,. 


(b) In den 1b und 2b-Gruppen nimmt die Donorstérke mit zunehmendem 
Atomgewicht ab: ZnCl, > HgCl,. 

(3) Ein entscheidender aber noch nicht ganz iibersehbarer Faktor ist der positive 
Einfluss der O-Koordination von POCI,-Molekeln auf die Donorstarke der Chlo- 
ride: AICI, > BCI, > FeCl,, TiCl, > SnCl,. So bildet z. B. Aluminiumchlorid we- 
sentlich stabilere Koordinationsverbindungen mit Phosphoroxychlorid, als etwa 
Bor(III)chlorid oder Eisen(III)chlorid. Obwohl in anderen Lésungsmitteln Alumi- 
niumchlorid als einer der starksten bekannten Akzeptoren gegeniiber Chloridionen 
bekannt ist (Friedel-Craffts-Katalysator), ist in Phosphoroxychlorid die O-Koor- 
dination scheinbar so bevorzugt, dass es zundchst zu keiner Chloridionenkoordina- 
tion kommen kann. Dadurch wird ahnlich wie beim Titan(IV)chlorid die Bindung 
zwischen dem Zentralatom und den Chloridionen gelockert und damit die Donor- 
starke erhéht“'. Allerdings ist noch nicht zu iibersehen, durch welche Einfliisse 
eine solche Bevorzugung der O-Koordination gegeniiber Chloridionenkoordina- 
tion hervorgerufen wird. 

Auf Grund potentiometrischer Titrationen wurde schon friiher eine Reihe von 
Donoren hinsichtlich ihrer Starke iiberpriift.°''® Dabei ergab sich eine Reihung 
der in dieser Arbeit kolorimetrisch untersuchten Chloride Et,NCIl > TiCl, > PCl, > 
AICI, > SnCl, > SbCl,, welche mit der kolorimetrischen gefundenen weitgehend 
iibereinstimmt. Eine Ausnahme bildet das Aluminiumchlorid. das jedoch mit 


“5) G. Rao, Z. Naturf. 14 B, 689 (1900). 
6) J.C. SHELDON und S. Y. Tyree, J. Amer. Chem. Soc. 80, 4775 (1958). 
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VERGLEICH DER AKZEPTORSTARKEN 


Auch der Vergleich der Akzeptorstaérken in Phosphoroxychlorid ist mit Hilfe 
der Chloridionenverteilung zwischen Akzeptor und Eisen(III)chlorid méglich, wobei 
sich folgende Reihung ergibt: SbCl,, FeCl, > BCI, > SnCl,, AICI,;, AuCl,, TiCl,. 

Fir die teilweise Unterstiitzung der Untersuchungen durch die Regierung der 
Vereinigten Staaten von Amerika wird bestens gedankt. 





J. Inorg. Nucl. Chem., 1961. Vol. 18, pp. 245 to 258. Pergamon Press Ltd. Printed in Poland 
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Abstract — Here are reported conductance data at 20° and 45°C for CaClz, CaCl2-2H20, CrCl; 
‘6H20, MnCl2-4H20, FeCl, FeClz-2H20, CuClz, CuCl,-2H20 and ZnCl dissolved separately 
in methanol. The ratio, R, (conductance at 45°/ conductance at 20°C) is independent of the salt 
concentration for all except ZnCl, which is an exception because its R value is less than one. For 
the calcium, iron (II) and copper (II) chlorides, R is independent of the presence of water of hydra- 
tion. 
Dawson et al.‘') have reported conductance data for ZnCl, dissolved in methanol 
at temperatures between —50° and 20°C. They found that molar conductance at 
salt concentrations below approximately 0-9 M increases as the temperature is 
lowered through the range studied. Jones and Veazey” have reported the conducti- 
vity for CuCl, dissolved in methanol at 0° and 20°C. Unfortunately experimental 
details are not available. 

In this paper we are reporting conductivities at numerous concentrations and 
at temperatures of 20° and 45°C for calcium, chromium (IIL), manganese (II), 
iron (II), copper (II) and zinc chlorides. To permit comparisons of the results, some 
values are quoted for cobalt (II) and nickel (II) chlorides for which there are two 
separate papers with details of the more extensive studies of these salts.” 


EXPERIMENTAL 


Purity of salts and solvent, concentration ranges, and the number of solutions measured at 
each temperature are given in Table 1. The anhydrous chlorides of iron (II), cobalt (II) and nickel 
(II) were prepared by the method of Bose and KHUNDKAR"? with slight modification.'®’ The chloride 
content of all salts studied was determined by the Fajan adsorption indicator method.‘ Iron, 


* Department of Chemistry, University of Mississipi, University, Mississipi. 
+ Department of Chemistry, University of New Hampshire, Durham. N. H. 
{) L. R. Dawson, A. TOCKMAN and H. K. ZIMMERMAN Jr., and G. R. LEADER. J. Amer. Chem. 
Soc. 73, 4327 (1951). 
2) H.C. Jones and W.R. Veazey, Z. Physik. Chem. 61, 641 (1908) (Chem. Abstr. 2, 1653,). 
‘) P._ A.D. pe Maine, G. D. Howarp and M. M. De Maine, Part V, this series. 
‘) P. A.D. pe Marne and P. J. SAntTiAGo, Part IX, this series. 
‘) B.B. Bose and M.H. KHUNDKAR, J. Indian Chem. Soc. 14, 39, 45 (1951). (Chem. Abstr. 
46, 4943 h). 
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TABLE 1. 


Dissolved inorganic salts—VII 


SOURCE OF MATERIALS, CONCENTRATIONS, AND NUMBER OF SAMPLES 


STUDIED AT BOTH 20°C AND 45°C. B MEANS THE SALT WAS PREPARED FROM 
THE COMMERCIALLY AVAILABLE HYDRATE BY BOSE AND KHUNDKAR’S METHOD 





Compound 


Source 


Grade 


Conc. range 


10* (moles/I.) 


| No. of 
| samples 





MeOH 
CaCl2.2H20 
CaCl, 
CrCl3.6H20 


Fisher 
Fisher 
Fisher 
Fisher 
Fisher 


Spectroanalysed 
U.S.P. 
Certified reagent 
Certified reagent 
Certified reagent 


10:54—2635-0 
14-97-3742:5 
4:51-1128-0 
6°19- 1547-5 


MnClz.4H20 
FeClz.4H20 Fisher 
FeCl,.2H20 B 
FeCl, | B 
CoCl,.6H20 Fisher 
CoCl2.2H20 B 
CoCl, B 
NiClz.6H20 Fisher 
NiCl2.2H20 B 
CuCl2.2H20 | Baker and 
Adamson 
Fisher 
Baker and 
Adamson 


Certified reagent 
4-97-596-4 
11-10-1110-0 
7:36-888:-5 
7:24-868-9 
9-18-1101-1 
6°84-813-8 
9-49- 1140-0 


Certified reagent 


Certified reagent 


7:06- 1765-0 
10-63-2655-0 


Reagent 
CuCl, | Certified reagent 
ZnCl, 


Reagent 10-62—2655-0 





cobalt, and nickel contents were determined by the dichromate, electrodeposition, and dimethyl] 
glyoxime methods respectively'*®’. Theoretical and experimental compositions checked to within 
one-half per cent. 

Solutions with the desired salt concentrations were made as described previously‘”) except that 
solutions containing dehydrated salts were prepared in a dry nitrogen atmosphere.‘*) Resistances 
were measured for all solutions at 20°, at 45° and finally at 20° as a check with the General Radio 
Corporation Impedance Bridge.'*? Checks on separate samples showed that resistance values could 
easily be reproduced to within one per cent. No corrections were applied for the conductance of 
the methanol, as the quantity is much less than one per cent of any of the measured values. 


RESULTS 


Onsager plots for the salts studied show at both temperatures marked deviations 
from linearity characteristic of weak electrolytes (Fig. 1) Data for cobalt and nickel 


chlorides are illustrated elsewhere. ” 


For all salts except zinc chloride, the ratio, R, (= molar conductance at 45°/molar 
conductance at 20°C) is independent of salt concentration. For the calcium, iron 
(II), cobalt (ID), nickel (IT) and copper (II) chlorides, R appears to be independent 
of the presence of water of hydration. Typical data are given in Table 2. In Table 
3 are given average R values with root mean square and maximum deviations for 


‘6) N.H. FuRMAN, Scott’s Standard Methods of Chemical Analysis, (Sth Ed.) van Nostrand, New 
York (1939). 

(7) P| A. p—E Maine, M. M. De Maine and G. E. McALonig, J. Inorg. Nucl. Chem. Part III, 14, 
268 (1960). 

(®) P. A.D. De Maine and E. Kousex, J. Inorg. Nucl. Chem. 11, 329 (1959). 
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Fic. 1.—Onsager Plots for the salts indicated in methanol at 20°C. 


TABLE 2.—R (== MOLAR CONDUCTANCE AT 45°C / MOLAR CONDUCTANCE AT 20°C) For CaCl> 
AND CaClz.2H2O DISSOLVED IN METHANOL AT THE CONCENTRATIONS INDICATED 





CaCl CaCl,.2H20 


Salt conc. » Molar 20°C Salt. conc. » Molar 20°C 
10* (mole/I.) conductance 10* (mole/I.) conductance 


44-94 108-7 . 31-62 115-7 
74°85 98-7 52:70 106:2 
104-8 91-2 73-78 100-5 
149-7 79-4 105-4 91-6 
299-4 72:0 ; 421-6 65-9 
598-8 60-2 , 632°4 60-2 
898-2 53-7 . 843-2 56°4 
1197-6 49-2 : 1054-0 53-5 
1497-6 45:9 ¢ 1264-8 50-6 
1796-4 43-4 ’ 1475-6 48-3 
2095-8 41-2 : 1686-4 46:2 
2695-0 36°9 . 1443-5 49-0 


Average 17 samples . Average 14 samples 
root-mean root-mean 

square deviation : square deviation 
Max. deviation Max. deviation 
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all salts studied except ZnCl,. Table 4 contains R values for the zinc chloride 
system. 

All resistance values used in the calculation of R values in Tables 3 and 4, are 
unchanged with the passage of time. However, for both copper (II) chlorides at 
concentrations below 0-060 M, the resistance gradually decreases with time. Dilute 


TABLE 3.—AVERAGE VALUES FOR R (= MOLAR CONDUCTANCE AT 45°C/MOLAR CONDUCTANCE AT 

20°C) FOR THE INDICATED SALTS IN METHANOL. AH Is THE HEAT OF IONIZATION CALCULATED WITH 

VAN’T HOFF’S EQUATION AND THE ASSUMPTION THAT ONLY BINARY IONIZATION OCCURS. ROOT- 
MEAN-SQUARE DEVIATIONS FOR R AND AH ARE GIVEN IN BRACKETS 





Salt 


CaCl,.2H 0 
CaCl 
CrCl;.6H20 
MnCl,.4H20 
FeCl .2H20 
FeCl, 

CoCl, . 6H20®) 
CoCly : 2H2,0%) 
CoC], 
NiCl,.6H,0) 
NiCl,.2H,0 
CuCl,2H 0 
CuCl, 


R 
1-160 (+ 0-010) 
1-156 (+ 0-006) 
303 (+ 0-009) 
‘200 (+ 0-014) 
‘190 (+ 0-021) 
185 (+ 0-011) 
‘161 (+ 0-008) 
162 (+ 0-010) 
‘161 (+ 0-010) 
154 (+ 0-015) 
163 (+ 0-016) 
123 (+ 0-008) 
112 (+ 0-013) 


_ 


el 


AH (kcal/mole) 


+ 2:24 (+ 0°12) 
+ 2:16 (+ 0-08) 
+ 3-96 (+ 0-08) 
+ 2:72 (+ 0:20) 
+ 2:60 (+ 0:28) 
+ 2:56 (+ 0-24) 
+ 2:24 (+ 0-12) 
+ 2:24 (+ 0-12) 
+ 2:24 (+ 0-12) 
+ 2:16 (+ 0:20) 
+ 2:32 (+ 0-20) 
+ 1-76 (+ 0-16) 
+ 1:60 (+ 0:20) 
— 3-18 


ZnCl,* 0-809 





* R value average of those given in Table 4. 


iron (II) chloride solutions in methanol behave similarly. Methanol solutions of 
FeCl, and of FeCl, -2H,0 at all concentrations are unstable in regard to resistance 
measurements. This may be due to the reaction between iron (III) chloride and 
methanol to form alkyl chlorides. '” 

TABLE 4.— MOLAR CONDUCTANCE AT 20°C AND THE RATIO R(= MOLAR CONDUCTANCE AT 45°C/ 


MOLAR CONDUCTANCE AT 20°C) FOR ZnClz DISSOLVED IN METHANOL AT THE INDICATED SALT 
CONCENTRATIONS 





Salt conc. x 104 | Molar conduct- 


Salt conc. x 104 
(mole/l.) | ance at 20°C 


(mole/l.) 


Molar conduct- R 
ance at 20°C 


10-62 31.5 | 0-783 849-6 | 6-06 


31-9 17-36 0-777 1062-0 6-02 
53-1 13-43 0-791 1274-4 6-02 
74:3 11-47 | 0-794 1487-0 6-06 
106-2 9-93 0-800 1699-0 6-07 
212-4 7-67 0-803 1912-0 6-06 
424-8 6:57 | 0-804 2124-0 6:10 
637-2 6-18 0-812 2336-0 6-15 








‘*) M. T. DaNGYAN, J. Gen. Chem. U.S.S.R. 9, 1907 (1939). 
{10) ZN. NaAZAROVA and JI. P. TSUKERVANIK, J. Gen. Chem. U.S.S.R. 14, 236 (1944). 
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DISCUSSION 


Although there is only a small overlap of concentration ranges studied, our data 
for ZnCl, in methanol confirms that of Dawson et al.“ who also found an increase 
with salt concentration for the ratio, conductance at higher temperature 
conductance at lower temperature. 





i 
1.3} 


iT 45°C 
Ss) 


aT 


o 


5 
4 


lé 
; 
6 
Zz 
‘ i 
ES 


MOLAR CONDUCTA 
MOLAR 











Fic. 2.—Plots of average value for R (= molar conductance at 45°/molar conductance at 

20°C) and for the number of unpaired d-electrons for the salts listed in Table 3, both versus atomic 

number of the cation. Methanol is the solvent. Root mean-square deviations are indicated by the 
pale broken lines. 


For weak binary electrolytes the ratio, R, is equivalent to (degree of dissociation 
at 45°)+ (degree of dissociation at 20°C), and thus it can be independent of 
salt concentration only if the Lewis activity coefficients’ for each species are 
themselves independent of salt concentration at each temperature. In such cases, 
heat of ionization (AH) values calculated from R with the van’t Hoff equation, 
should be positive. 

For all salts except ZnCl,, the AH values are positive but are considerably less 
than values expected for ionization processes only (Table 3). Moreover the com- 
paratively high molar conductance values for the calcium, chromium, manganese, 
iron, cobalt and nickel chlorides (Fig. | and references 3 and 4) indicate that the 
degree of ionization is not small. Thus the constant R values cannot be attributed 
only to partial ionization of the salts. Attempts to interpret these constant R values 
in terms of the process: covalent salt + ion pair < ions are equally unsatisfactory 


“1 G.N. Lewts, Z. Phys. Chem. 38, 205 (1901). 
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because the R value for a given salt is unaffected by the presence of water of hydra- 
tion (Table 3) and because the R values for ZnCl, are less than unity. 

In a subsequent work’? conductance, spectrophotometric and viscosity data 
for iron group, alkaline earth and tin halides dissolved in methanol will be examined 
for theoretical relationships. For the present, we note that the R values (which for 
all salts studied, except ZnCl,, are independent of concentration) and the low AH 
values can be explained by supposing that ionization is preceded by specific 
complex formation between salt molecules themselves, or between salt and meth- 
anol. Thus the reported AH values ate really the algebraic sum of two or three 
terms, of which at least one describes the exothermic process of specific complex 
formation. Thus the negative AH values for ZnCl,, ZnBr,‘” or ZnI,“ in methanol 
and for CoCl, in acetonitrile’? can be explained qualitatively. 


There does seem to be a relation between the R value and the number of unpaired 
d-electrons in the cation except for either CrCl,-6H,O or MnCl,-4H,O. Magnetic 
data for these salts in methanol are required for further speculation. 
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